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Abstract 
The large power transformer is one of the most expensive assets in a power system network. 
Special attention needs to be taken to monitor this expensive asset. Among the most critical aspect 
of a transformer that needs to be monitored is the mechanical condition of the windings and core. 
One of the best approaches to achieve this is by performing the Frequency Response Analysis 
(FRA) test on the transformer. The test measures the transfer function response of the transformer 
winding. If any physical changes occur, it will affect the original response, which can be used to 
detect any abnormality. However, the critical challenge in this technique is to correctly interpret the 
measured response in determining the transformer status. Although various investigations have 
focussed on this issue, the interpretation aspect of FRA is still not fully established. 
In order to contribute to the improvement of a FRA interpretation scheme, this thesis 
investigates the sensitivity of FRA measurement on several common winding deformations and 
explores a new potential diagnostic scheme of FRA. A wide range of power transformers have been 
used throughout this study ranging from a small sized prototype laboratory transformer to a 30 
MVA power transformer installed at a substation. 
Initially, a mathematical model is established to simulate the frequency response of a power 
transformer. This is achieved by comparing three models, which are available in the literature. 
These models are compared in terms of their accuracies to simulate the response and their 
applicability to studying winding deformation. The comparison shows that the multi-conductor 
transmission line model is the best approach due to its ability to model each turn of a winding. 
With the developed model, the sensitivity of the winding response is investigated. This study 
shows that a minor change to the winding geometrical parameters could cause a considerable 
change on the response. On a different issue, it is found that a similar winding failure mode may 
cause a different response variation depending on the winding type. A study based on measurement 
is also conducted to investigate the influence of windings from other phases to the tested winding. It 
reveals that the end to end open circuit response is susceptible to the condition of an adjacent 
winding. Additionally, investigation on the winding response sensitivity due to the tap changer 
setting is also carried out. 
This thesis studies several winding deformations, which includes tilting and bending of 
conductors and inter-disc fault. These three faults are examined in terms of their severity of damage 
and location of the fault. Statistical analysis is applied to determine the overall condition of the 
winding. On the other hand, transfer function based analysis is proposed to extract further 
iii 
 
information if the winding is found to be faulty. This includes using the pole plot and Nyquist plot, 
in which the latter proved to be useful for all winding failure modes. The transfer function is 
achieved by applying vector fitting algorithm. 
Several case studies are presented in this thesis based on the measured responses in the 
university substation and also provided by various power utilities. The proposed analysis uses 
statistical indicators and the Nyquist plot. Additionally, analysis from the proposed method is also 
compared with two other interpretation schemes available in the literature. These two interpretation 
schemes are known as relative factor analysis and α analysis for determining transformer overall 
condition and winding failure modes respectively. The former is found to agree with most of the 
results of the proposed methodology while the latter is found to be inapplicable to most of the cases. 
Finally, the influence of the non-mechanical aspect of a transformer on the frequency response 
is investigated. Based on laboratory experiments conducted on accelerated ageing of transformer 
insulation, both FRA and Frequency Domain Spectroscopy (FDS) tests are conducted. Two 
analyses are proposed from the FRA measurement for observing the increase in moisture content in 
the insulation and for computing the inter-winding capacitance. Comparison with the results from 
the FDS test proved the applicability of the proposed methodologies. 
Overall, the findings from this thesis could be very useful in improving the understanding of 
various factors which may influence FRA measurement and subsequently in examining the 
frequency responses using the proposed approaches. 
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Chapter 1 
1 Introduction 
1.1 Background and Motivation 
In a highly competitive environment due to a deregulated electricity market, power utilities are 
being put under more pressure to implement cost cutting measures. This includes reducing 
operational costs. One way the utilities can achieve this is to delay the replacement of aged power 
transformers if possible. On the other hand, the growing demand of electricity especially in fast 
developing regions has resulted in power transformers operating at higher loading levels. 
Consequently, the risk of transformer failure increases as they are forced to operate under more 
stresses. This is because as the transformer insulation degrades, the clamping pressure which holds 
the winding can become loose. Loss in clamping pressure will reduce the ability of a transformer to 
withstand short circuit forces. In a thirteen year survey conducted by a consultancy company 
KEMA [1], from 102 power transformers tested according to IEC standard (IEC 60076-5) for 
assessing the ability of a transformer to withstand short circuit currents, 28% had failed. This 
statistics is presented in graphic form in Figure 1.1 [1]. This indicates a serious concern since one 
out of four transformers had failed in this test. In addition to that, as mentioned in [2] short-circuit 
fault is the major contributor of transformer outages. Since such fault can be instantaneous, 
preventive measures are extremely important to avoid transformer outages. One approach is to have 
more information regarding the mechanical integrity of a power transformer especially the winding. 
This allows the asset management team to evaluate if the transformer is reliable to remain in 
operation or not. 
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Figure 1.1  KEMA survey on 102 transformers for IEC withstand test [1]. 
Besides the financial loss due to the failure of a power transformer from short circuit currents, 
mishandling of large power transformers (LPT) during transportation can also contribute to such a 
loss. This is because shocks from shipping can cause minor movements on internal parts of the 
transformer. In [3] are presented two cases in which the units were required to be returned to the 
factory for inspection and repair. This work cost an additional $700k and $1100k to the first and 
second cases respectively. Even if a unit is found to be in good condition, tests and inspection in the 
field can cost between $25k and $50k [3]. The summary of four cases as presented in [3] is 
available in Table 1.1. Therefore, the mechanical condition of the unit needs to be assessed 
correctly since it is a huge decision whether to return the transformer back to the factory or not. 
To evaluate the mechanical condition of the active parts (windings, leads and core) of a 
transformer, frequency response analysis (FRA) is widely known as the best method [4]. It was 
initially tested on the field transformers from 1975 by Dick and Erven until [5] was published in 
1978. It is a non-intrusive test, which measures the transfer function response of the transformer 
winding over a wide frequency range (20 Hz to 2 MHz). Two measured responses are required for 
comparing and observing any discrepancy between them. If there is any variation observed, the 
transformer could have been mechanically damaged. The main challenge in FRA lies in interpreting 
the compared responses to uncover what has caused the variation. If any damage has occurred, one 
would like to determine how severe the damage is. Unless the transformer tank is removed, there is 
no definite answer regarding the actual condition of the transformer. FRA still has a long way to go 
before a widely accepted interpretation scheme such as the Duval Triangle method and Rogers 
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Ratio method for Dissolved Gas Analysis (DGA) test for oil can be established. There are various 
issues of FRA which require addressing and investigation. Nevertheless, FRA has the potential to 
be the main diagnostic tool since there is a growing demand of non-intrusive test to assess the 
transformer internal condition as mentioned in [6]. 
Table 1.1  Summary of four cases of shipping the transformers [3]. 
Cases Description Works performed Problem 
Potential 
cost (USD) 
Case 1 
Railroad impact 
200 MVA 
autotransformer 
Unit shipped back to 
factory 
Field tests 
Transportation 
Factory inspection, 
reassembled and tested 
Slight shift on core 
support and one phase 
winding package 
$700,000 
Case 2 
Railroad impact 
700 MVA 
autotransformer 
Unit shipped back to 
factory 
Field tests and inspection 
Transportation 
Factory inspection, 
reassembled and tested 
Slight gap in top and 
bottom step blocks 
close to phase C 
$1,100,000 
Case 3 
Truck impact 
45 MVA substation 
transformer 
Field tests and inspection No 
$25,000 
to $40,000 
Case 4 
Railroad impact 
72 MVA substation 
transformer 
Field tests and inspection No $30,000 
 
Studying the winding damage on an actual transformer is very costly since a winding will have 
to be acquired and then permanently deformed. For this reason, most of the studies available in the 
literature are based on simulated winding response. Additionally, certain failure modes such as the 
tilting of conductors are rather difficult to create on an actual winding but possible with simulation. 
This approach is still acceptable since a mathematical model can generate the winding response 
with reasonable accuracy. It was in fact recommended by CIGRE in [7] to perform investigations 
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on winding deformation using simulation. With the winding response model, various failure modes 
can be studied. However, the literature mostly discusses radial buckling [8-10] and axial 
displacement [11-14] of the winding. Attention should also be paid to other forms of damage such 
as the tilting [15] and bending [16] of conductors in a winding. By examining various failure 
modes, a better understanding of the characteristic of winding response will be attained. Besides 
looking at the response characteristic, the severity of winding damage can also be investigated with 
a simulation model. Extent of damage is a relatively important subject to be explored as this is 
helpful in evaluating the reliability of a transformer. For localised damage such as a short circuit 
between conductors or local overheating of conductors, studies can be performed to investigate if it 
is possible to determine the fault location using FRA. 
Although winding deformation is the main interest in FRA, other conditions which can 
influence the response should also be examined. By realising that various factors can affect the 
frequency response, one will not immediately assume that the change on the response is only due to 
the winding physical damage. As an example, [17] presented a study which shows that the winding 
response of an autotransformer can be affected by the tertiary winding due to a coupling effect. This 
shows that even a non-tested winding governs other winding responses. The effect of the tap 
changer on FRA measurement should also be examined. This is because a tap changer is an 
important component since its failure contributes to a large percentage (40% as in [18]) of defective 
components in power transformer. 
In addition to the mechanical condition, FRA is also known to be relatively responsive to the 
dielectric condition of the transformer insulation system. Reference [7, 19, 20] and others have 
documented that the entire frequency response can be shifted slightly towards lower frequencies 
when the transformer is oil-filled compared to without the oil. This is due to the presence of oil 
which increases the permittivity of the insulation and therefore affecting the winding response as 
mentioned in [7]. It has also been observed that the water content on paper [21, 22] and even the 
temperature [23] can influence the winding response. For this reason, further studies can be 
conducted to reveal if there is any possibility to use FRA for insulation condition assessment. 
In general, there are various conditions that govern the frequency response of a transformer. 
Every condition should be investigated in order to fully understand its response characteristic. This 
will help in performing an accurate assessment of the transformer condition. 
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1.2 Thesis objectives 
In this thesis, the overall aim is to improve the understanding and interpretation scheme of 
frequency response analysis for assessing the condition of power transformers. In order to achieve 
this, the following objectives are listed: 
 Determine any suitable mathematical model for simulating the frequency response of a 
transformer winding. The selected model must be able to simulate various winding 
construction and failure modes. 
 Investigate the sensitivity of frequency response with reference to the winding structure, 
failure modes and various other conditions. This includes regarding the influence of 
other windings on the tested winding response and also the tap changer which is 
connected to the main winding. 
 Study the winding response of several failure modes by obtaining the response through 
computer simulation or laboratory experiment. The study includes examining the 
characteristics of the response due to deformation, analysing using common available 
approaches and proposing an interpretation scheme for obtaining information regarding 
the deformation from the response. Additionally, the interpretation scheme should be 
able to be implemented on actual cases where frequency responses are measured from 
power transformers in substations to evaluate its practicality. 
 Investigate the ageing of the transformer insulation system using FRA. Propose a 
methodology that can be used to evaluate the insulation system using the frequency 
response. 
1.3 Outline of the Thesis 
Initially, background theory on the use of FRA for examining the mechanical faults on power 
transformers is presented in Chapter 2. It begins by discussing the electromagnetic forces which can 
cause various failure modes on the transformer winding. It is followed by explaining the concept of 
FRA. Among the topics discussed are the test configurations, available standards on FRA and the 
use of statistical indicators to examine the frequency response. At the end of Chapter 2, previous 
conducted studies on FRA for various winding failure modes are discussed and categorized.   
In Chapter 3, the modelling of frequency response of the transformer winding is studied. Three 
models are considered which are the ladder network model, multi-conductor transmission line 
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(MTL) model and the hybrid MTL model. These models are used to simulate the frequency 
response of a winding and later compared with the measured response to determine which model 
can produce the most accurate response. The computation of electrical parameters of the winding 
for the simulation process is also incorporated in this chapter. 
With the establishment of a suitable winding response model, this allows for subsequent study 
on the sensitivity of frequency response using the simulation. This is presented in Chapter 4. Issues 
discussed here include the sensitivity of response to variation of winding geometry and winding 
damage. Besides simulation, this chapter also considers studies based on measurement. Still 
regarding the sensitivity, the winding response is investigated for the influence from windings of 
other phases and also the setting of the tap changer. 
Chapter 5 presents the development of an interpretation scheme for analysing the response of a 
faulty winding. The scheme employs statistical and non-statistical approaches. The statistical 
approach uses indicators and benchmark limits to determine the overall condition of the winding. 
The non-statistical approach uses the transfer function of the response to obtain further information 
regarding the fault such as the location and severity. 
Once the interpretation scheme has been proposed and established, it is later applied on several 
case studies in which the responses are obtained from power transformers in substations. The 
measurements are provided by power utilities and also tests conducted personally. These studies are 
crucial for evaluating the applicability of the proposed method. This work is available in Chapter 6. 
In Chapter 7 is presented the investigation on the possibility of using FRA to study the ageing 
of a transformer insulation system. The study is based on laboratory experiments in which the 
accelerated ageing process is conducted on a distribution size transformer. Here, methodologies are 
proposed for analysing the insulation condition using FRA. Additionally, the results are also 
compared with the results from FDS. 
Finally, the conclusion of the thesis is included in Chapter 8 along with future research 
directions that can be conducted to extend the work.  
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Chapter 2 
2 Frequency Response Analysis on the Mechanical 
Deformation of Power Transformer Winding 
2.1 Introduction 
Mechanical integrity of a power transformer is an important aspect that should be evaluated 
when determining a transformer’s overall condition. A transformer with minor winding damage 
could remain in operation, however may cause a disastrous outcome when later it develops into a 
total failure. This was mentioned in [24] when slight winding deformation which was initially non-
intrusive later developed into short circuits between strands resulting in destruction to the winding. 
Generally, there are two factors that cause mechanical damage on transformer internal 
components. One is due to high electromagnetic forces (EMF) from large current which travels into 
the transformer winding. The current could originate from a lightning strike on the power line, fault 
from external sources (such as single line to earth or equipment failure at the power station) or even 
from transformer factory test. These conditions produce massive EMF in a short period of time that 
is capable of creating instability in the winding structure. As an example, improper design and 
workmanship of power transformers could damage the winding when submitted to various tests 
performed at the factory such as a short circuit withstand test. This is documented in [24]. 
The second is due to shocks during transportation of a transformer from one location to another 
or during the installation [7]. In these situations, any form of damage to the transformer will cause 
long delays to the entire project. As a case presented in [3], an impact recorder installed on a 200 
MVA autotransformer during transportation indicated  an impact which is equivalent to 8 times 
gravitational force due to shock on the railroad. Subsequent FRA measurement suggested the 
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impact had caused mechanical damage to the transformer. A decision was made to send the unit 
back to the factory for inspection which later revealed a slight shift on the core support and 
winding. This incident was estimated to cost roughly USD 700k which included field tests, 
inspection, transportation and factory work. Reference [25] presented several transformer damage 
cases which were due to improper handling during transportation. Possible damage includes 
displacement of core limb, bent clamping rod and ruptured clamping frame. 
2.2 Winding Deformations 
As mentioned in the previous section, electromagnetic forces could potentially cause damage to 
the winding. When a current carrying conductor is located within a magnetic field, a force is created 
and applied on the conductor. The magnitude of this force is given by (2.1). Here, B is the flux 
density vector (T), I is the current intensity vector (A) and L is the conductor length (m). The 
equation shows that the electromagnetic forces experienced by the winding are proportional to the 
winding current and the flux density. In addition, according to [24, 26] the forces are also 
proportional to the square of winding current since the leakage field can be expressed in terms of 
winding current. This indicates that during short circuit conditions, the forces on the winding are 
double in magnitude which is higher than the rated current [24]. 
L F I B  (2.1) 
The forces direction can be easily determined via the Fleming’s left hand rule. As shown in 
Figure 2.1, force direction is always perpendicular to the flux direction.  While still referring to 
Figure 2.1, leakage flux density is composed of two components which are radial component Bx and 
axial component By. Therefore, based on the left hand rule, Bx creates axial component forces Fy 
 
Figure 2.1  Flux lines and forces directions on HV and LV windings. 
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and By creates radial component forces Fx. By this understanding, the radial forces as shown in 
Figure 2.1 demonstrate that the internal winding is constantly being pushed inward (compressive 
stress) while the external winding is being pushed outward (tensile stress). 
Forces can be restricted by appropriate pre-loading of a transformer winding during the 
assembly process [27]. As mentioned in the same reference, the windings are pre-loaded to a 
pressure value a minimum of five times the calculated axial short circuit force. This is because the 
forces can reach millions of pounds on the windings axially at 60 times per second (60Hz) [28]. 
Nevertheless, the pre-loaded clamping pressure decreases gradually throughout transformer’s 
lifetime. This is mainly due to the cellulose insulation material which reduces in terms of its 
thickness and elasticity from the effect of moisture, temperature and ageing [27]. If the clamping 
pressure has decreased to a level which short circuit forces could overcome, this may cause damage 
to the winding. The axial and radial components of the forces can cause various forms of structural 
damage on a transformer winding [24, 26] which is commonly referred to as failure mode. 
2.2.1 Deformations Instigated by Axial Forces 
There are three failure modes due to axial forces commonly mentioned in literature, namely 
axial displacement, axial bending and conductor tilting. Due to different current direction in outer 
and inner windings, each winding experiences different direction of axial forces at the same time. 
Therefore it is crucial to have a perfect alignment between both windings with respect to the centre 
line. A small displacement in one of the windings could cause asymmetry on the forces distribution 
thus further increasing the axial forces in both windings [26]. When the forces are large enough to 
overcome the clamping force, a transformer winding can be vertically displaced from its original 
position as shown in Figure 2.2. This movement could damage the parts of the clamping structure 
such as the top pressure ring and press plate as presented in [29]. 
 
Figure 2.2  Axial displacement of HV winding. 
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The axial bending of conductors is a less severe form of damage compared to winding 
displacement. In this case, axial forces are not large enough to displace the entire winding. 
However, the forces which compress the winding still could cause conductors between the 
supporting spacers to bend as illustrated in Figure 2.3. This will result in the oil filled gap between 
two conductors to change. 
 
Figure 2.3  Axial bending of conductors. 
When inner and outer windings are positioned in perfect alignment, the forces at the top and 
bottom ends of both windings are equal. In this condition, axial forces are compressing the winding 
from the top and bottom to the winding centre line in which the highest compression is found [24]. 
However, if the compressive forces exceed the permissible mechanical strength of the winding 
structure, it could cause conductors in the middle of the winding to be tilted. This is illustrated in 
Figure 2.4. Since the forces acting on the winding are coming from two directions, top and bottom, 
the tilted conductors usually come in a pair and in adjacent discs. The winding strength that resists 
the axial force consists of two different forces. The mechanical resistance given by the conductor 
from being deformed and the frictional force at the corner of the conductor during the tilting [26]. 
As mentioned in [24], the tilting of conductors could cause insulation damage, further increase of 
forces and even inter-turn fault. 
  
(a) (b) 
Figure 2.4  (a) Conductors in tilted position. (b) From an actual case reported in [7]. 
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2.2.2 Deformations Instigated by Radial Forces 
   
(a) (b) (c) 
Figure 2.5  Buckling of winding [24]. (a) Forced buckling. (b) Free buckling. (c) Actual case of 
forced buckling on common winding of 400 MVA autotransformer. 
Inner and outer windings experience different direction of radial forces. The former is 
constantly subjected to tensile stress due to outward direction of the forces. While the latter suffers 
radial compressive stress due to inward direction of the forces. The tensile stress normally does not 
impose any risk of damage on the outer winding [24]. However, the compressive stress of the radial 
forces causes a common failure mode on the inner winding which is called buckling as shown in 
Figure 2.5. When the forces exceed the elastic limit of the conductor material, the winding can be 
damaged either in the form of forced or free buckling [24]. The buckling shape essentially depends 
on the support of the winding. In forced buckling, the winding has a supporting structure located 
inside the winding. The stiffness of the structure helps certain parts of the winding to stay in normal 
shape. However, conductors between the structures bulge inward. In free buckling, there is no 
supporting structure thus the winding is self-supporting. Typically, this results in one side of the 
winding to bulge outward and another side to bulge inward [24]. 
2.2.3 Other Failure Modes 
Beside failure modes which are due to axial and radial forces, there are other faults that only 
occur at a specific point on the winding. Inter-turn fault in a transformer winding is an example of 
this. It is also known as inter-disc or short circuit fault in several literatures. The fault is due to 
insulation breakdown between two adjacent conductors in the winding. As the insulation 
mechanical strength deteriorates, this creates some weak points in the winding. As mentioned in 
[30], overheating of weak points can cause insulation breakdown due to short circuit currents. This 
situation could also cause heavy melting of copper material [24]. 
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(a) (b) 
Figure 2.6  Inter-turn fault within winding. (a) Complete breakdown between turns.  
(b) Picture from an actual case [24]. 
2.3 Frequency Response Analysis 
Table 2.1  Comparison of testing techniques for transformer mechanical condition [7]. 
Diagnostic technique Advantages Disadvantages 
Magnetising (exciting) 
current 
Requires simple equipment. Measurement strongly affected by core 
residual magnetism. Can detect core damage. 
Impedance (leakage 
reactance) 
Reference values are available 
on nameplate. 
Very small changes can be significant. 
Limited sensitivity for some failure 
modes (best for radial deformation). 
Winding capacitance  
More sensitive than 
impedance measurements. 
Important capacitance may not be 
measurable (between windings in 
autotransformer). 
Standard equipment available. 
Limited sensitivity for some failure 
modes (best for radial deformation). 
Frequency response 
analysis  
Very sensitive to any form of 
winding damage. 
Core issues are rarely detectable in the 
early stage. 
Difficult to interpret the measurement. 
Even sensitive to oil 
temperature change and 
insulation moisture content. 
Guide to a comprehensive interpretation 
is required. 
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If a power transformer suffered any external damage, it can easily be observed and notified. 
However, damage to the internal active parts of a power transformer requires internal inspection. 
This is usually unfavourable as excessive moisture could ingress into the transformer. Therefore, a 
different approach is required to determine if damage has occurred to any internal component of a 
transformer. This is where certain transformer testing techniques can be utilized. Some of the 
available techniques are summarized in Table 2.1. 
Input and output signalInput signal
Magnitude plot
Phase plot
 
Figure 2.7  FRA measurement on the power transformer. 
Among the available methods for assessing transformer mechanical condition, FRA is widely 
recognized as the best tool. As can be seen in Table 2.1, it is extremely sensitive to any changes on 
the transformer even on the insulation temperature. It is a non-intrusive test which electrically 
measures the transfer function response of a transformer winding over a wide frequency range. A 
sinusoidal voltage, Vinput is injected at one terminal of a winding and the output signal, Voutput is 
measured at the other terminal. The process is repeated for various frequencies in a predetermined 
frequency range. This range is typically from 20 Hz to 2 MHz as suggested in the IEC standard 
[31]. The output from this sweep frequency measurement is a transfer function response of a 
winding which contains magnitude plot and phase plot as shown in Figure 2.7. Magnitude value is 
calculated from 20log10(Voutput/Vinput) while phase value is calculated from tan
-1
(Voutput/Vinput). 
Generally however, only the magnitude plot is analysed since it is easier to understand and contains 
more information. In order to determine if the transformer suffered from any damage, two 
frequency responses are required. The first response is obtained while the transformer is known to 
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be in good condition such as during the commissioning process or at the factory before the 
shipment. This is referred to as the baseline response in IEC standard [31]. The second 
measurement is performed depending on requirements, possibly as a routine inspection or after the 
transformer shipment. These responses will be compared to observe for any difference between 
them. If there is any variation observed on the latest measurement, the transformer is suspected to 
be suffering from internal damage. However, the degree of variation is very subjective with various 
literatures proposing their own system. 
2.3.1 FRA Test Configuration 
FRA test configuration is a scheme for making the connection between FRA equipment with 
transformer terminals to measure the frequency response. There are four different test 
configurations available as suggested in [7, 31, 32]. These configurations are illustrated in Figure 
2.8  for a three phase transformer. 
  
(a) (b) 
  
(c) (d) 
Figure 2.8  FRA test configurations for three phase transformer. (a) End to end open circuit test.  
(b) End to end short circuit test. (c) Capacitive inter-winding test. (d) Inductive inter-winding test. 
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2.3.1.1 End to end open circuit test 
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(a) (b) 
Figure 2.9  An example of measured frequency response from end to end open circuit test.  
(a) Magnitude plot. (b) Phase plot. 
The end to end open circuit test is performed on one winding either on the HV or the LV. The 
input signal is connected to one terminal of the winding while the output signal is measured from 
the other end of the winding. This concept applies for wye and delta connected windings and also 
single phase winding. The term open circuit indicates the secondary winding of the same phase is 
left open or floating during the measurement. Additionally, all the non-measuring windings should 
be left open-circuited including windings from other phases or limbs. As shown in Figure 2.9(a) 
which is the magnitude plot of the response, a typical shape of an open circuit response will exhibit 
an apparent antiresonance (valley) which is due to the large influence of magnetising inductance 
contributed by the laminated core. After the antiresonance, the response begins to show an 
increasing magnitude trend which is mainly influenced by the winding capacitance. On the phase 
plot, the antiresonance from the magnitude plot can be translated into a sharp increase of phase 
from about -90° to +90°. The negative phase indicates the response is inductive in nature and vice 
versa. 
The open circuit test is primarily applied due to the interpretation scheme for the frequency 
response being generally understood and has been discussed by many literatures. Since the test 
measures only one winding, it allows the user to analyse each winding separately [7]. However, six 
measurements are required to test all HV and LV windings of a three phase transformer. 
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2.3.1.2 End to end short circuit test 
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(a) (b) 
Figure 2.10  An example of measured frequency response from end to end short circuit test. 
(a) Magnitude plot. (b) Phase plot. 
Similar to the open circuit test, end to end short circuit test is conducted on one winding. The 
only difference between these two is the two terminals of the secondary winding are connected 
together for the short circuit test. Such connection on the secondary winding will remove the 
influence of magnetising inductance of the core from the response. This is helpful for distinguishing 
if the suspected damaged transformer component is the core or something else. The magnitude plot 
from Figure 2.10(a) is the short circuit response of the same winding as the response in Figure 
2.10(a). Due to the absence of core in the response, the main antiresonance has been shifted to a 
higher frequency. The response in the low frequency region is now characterised by only leakage 
inductance of the winding. The high frequency response is similar for both open and short circuit 
tests which can be seen on the magnitude and also the phase plot. 
2.3.1.3 Capacitive inter-winding test 
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(a) (b) 
Figure 2.11  An example of measured frequency response from capacitive inter-winding test.  
(a) Magnitude plot. (b) Phase plot. 
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In the capacitive inter-winding test, the signal is applied at one terminal of a winding and the 
output signal is measured at one terminal of the secondary winding. During the measurement, all 
other terminals are left floating. With this configuration, the capacitance between two windings 
influences the measurement mainly in the low frequency region [7]. As can be seen on the 
magnitude plot in Figure 2.11(a), in the low frequency region the circuit has very high impedance 
which results in the plot beginning at very low magnitude. The response is highly capacitive, 
revealed by the positive increment of magnitude and most of the phases in the phase plot in the 
positive value. However, this configuration could not be tested on an autotransformer since series 
and common windings are not isolated [7]. Moreover, it is believed that this test is less preferable 
than the end to end test due to insufficient understanding of the response. However, it was 
mentioned in [25] that capacitive inter-winding test has a high sensitivity to radial deformation of a 
winding. It seems that more research and investigation are required to explore the potential of this 
test. 
2.3.1.4 Inductive inter-winding test 
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(a) (b) 
Figure 2.12  An example of measured frequency response from inductive inter-winding test.  
(a) Magnitude plot. (b) Phase plot. 
The fourth test configuration is the inductive inter-winding test which is similar to the 
capacitive test except the open terminals of the primary and secondary measured windings are 
connected to ground. Other terminals of unmeasured windings are left floating to avoid unwanted 
influences on the response. In this test, the input signal should be supplied at the HV terminal and 
measured at the LV terminal. The response obtained using this test configuration can be used to 
determine the winding turn ratio from its low frequency response [7, 32]. Therefore, this could be 
served as a complimentary test for the main turns ratio test (TTR) [25]. As can be seen in Figure 
2.12(a), the low frequency response which can be utilized for turn ratio calculation is shown by the 
flat magnitude region. As in the capacitive inter-winding test, this test is also not widely practised. 
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2.4 Analysing and Interpreting FRA Measurement 
2.4.1 Available Standard on FRA 
2.4.1.1 The Chinese Standard DL 911/2004 
The first standard on FRA is the Chinese Standard DL 911/2004 which was published in 2004. 
It was centrally managed by the Technology Commission for Electric Power Industry and High 
Voltage Test Technology Standardization with the cooperation of six institutes [4]. The standard 
proposed a methodology of computing the relative factor on three frequency sub-bands to determine 
the degree of winding deformation. The value for relative factor and the degree of deformation are 
given in Table 2.2. 
Table 2.2  Relative factor and the degree of deformation. 
Degree of Winding Deformation Relative Factor, R 
Severe deformation (RLF < 0.6) 
Obvious deformation (1.0 > RLF ≥ 0.6) or (RMF < 0.6) 
Slight deformation (2.0 > RLF ≥ 1.0) or (0.6 ≤ RMF < 1.0) 
Normal (RLF ≥ 2.0), (RMF ≥ 1.0) and (RHF ≥ 0.6) 
 
In the table, RLF, RMF and RHF are the relative factors for the low (1 kHz – 100 kHz), medium 
(100 kHz – 600 kHz) and high (600 kHz – 1000 kHz) frequency sub-bands. In this standard, the 
frequency sub-bands have been predetermined for all transformers. The relative factor for each 
frequency region is derived from the normalization covariance factor, σ where: 
 
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 (2.2) 
In this equation, Rxy applies for all frequency sub-bands, RLF, RMF or RHF. The normalization 
covariance factor is basically derived from (2.3). 
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 (2.3) 
In general, this standard analyses frequency response between 1 kHz to 1 MHz which is quite 
different from other standards published later. Kraetge et al [4] presented two practical cases and 
applied the methodology given in this standard. Actual transformer conditions which were known 
initially agreed with the results from this method. 
2.4.1.2 CIGRE WG A2.26 Brochure 
The International Council on Large Electric Systems (CIGRE) under working group A2.26 has 
published an FRA brochure in April 2008 [7]. This brochure is highly referred to in the literature as 
well as IEC and IEEE standards which were published later. The brochure provides various 
practical cases with known actual problems and its measured response. Important FRA practices are 
also included such as the test connections, recommendations on the cable termination and test 
equipment requirements. The brochure mentioned three methods for obtaining the baseline response 
for comparing with the latest measured response. These are [7]: 
 Previous response measured from the same unit. 
 Measurement on an identical unit (sister transformer). 
 Measurement on other phases or limbs of the same unit. 
The brochure also discussed promising methodologies to assist FRA interpretation. Using 
statistical indicators such as correlation coefficient it is possible for assisted or automatic 
interpretation. However, the difficulty is in determining the indicator value or limit that can 
distinguish between ‘abnormal’ and ‘normal’ transformer conditions. The next methodology is 
simulating the transformer response based on geometrical parameters. However, the simulated 
response will have slight deviations compared to the actual measurement due to the complexity of 
the transformer. Nevertheless, this approach is beneficial for simulating a deformed winding 
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response in assisting the interpretation. The final methodology provided in the brochure is the 
parameterisation of the frequency response based on the transfer function representation. However, 
due to the complexity of the response which contains numerous resonances, generating the transfer 
function is a huge challenge. 
2.4.1.3 IEC 60076-18 
The third standard was published in 2012 by the International Electrotechnical Commission 
(IEC) [31]. Most of the contents are similar to the CIGRE brochure such as the terms used, 
measurement methods and requirements on measuring equipment. The standard provides 
fundamental understanding of the characteristic of the transformer frequency response on every 
frequency region. Table 2.3 summarizes the attributes of each frequency region and its influencing 
factors. However, it is vital to note that the limit for each frequency region given in the table is not a 
generalized value. This is because the frequency limit varies with every transformer due to variation 
of construction. The standard also discussed several other factors that influence the frequency 
response. Among them are the influence of tertiary delta connection, different types of oil 
insulation, effect of DC injection test and even the effect of temperature on the measurement. 
Table 2.3  Frequency regions and the corresponding influencing factors [31]. 
Frequency region Frequency limit Influencing factors 
Low < 2 kHz Core 
Intermediate 2 kHz to 20 khz Interaction between windings 
High 20 kHz to 1 MHz Individual winding structure 
Very high 
> 1 MHz (for ratings > 72.5 kV) 
> 2 MHz (for ratings ≤ 72.5 kV) 
Measurement set-up and lead 
(including earthing connection) 
 
2.4.1.4 IEEE C57.149 
IEEE was the latest to prepare a standard on FRA which was published in March 2013 [32]. 
Although the document was categorized as a standard (IEEE Std C57.149-2012), it is actually more 
as a guide as title implies (IEEE Guide for the Application and Interpretation of Frequency 
Response Analysis for Oil-Immersed Transformers). Apart from some of the contents which are 
also available in IEC and CIGRE documents, IEEE included more information especially on the test 
connections and the failure modes. Regarding the test connections, the document listed 6 different 
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types of transformer and the recommended tests. These are given in Table 2.4. The table shows that 
certain transformers could require up to 36 different test connections. However, a minimum 
recommended test is also suggested which is the most important for providing vital information 
regarding the transformer. The minimum recommended test consists of all open and short circuit 
end to end tests. Regarding the failure modes, the document presented actual cases of measured 
responses with discussion of the response characteristic. This is helpful for guiding an FRA user to 
analyse the response since the important and unique features of the response were mentioned. 
Table 2.4  Types of transformer and the amount of recommended test. 
Transformer 
Minimum 
recommended test 
Total test listed 
Two winding transformer 9 15 
Autotransformer without tertiary 9 12 
Autotransformer with tertiary 18 33 
Autotransformer with buried tertiary 9 18 
Three winding transformer Part 1 18 36 
Three winding transformer Part 2 18 36 
 
2.4.2 Statistical Analysis for Comparing Responses 
To analyse and interpret transformer frequency response, it is often that a statistical indicator is 
applied as an approach to measure the differences between two frequency responses. Rather than 
only comparing visually from the figures, this method can provide a single value on the extent of 
the variation between them. There are various statistical indicators that have been proposed in the 
literature for FRA application. The most commonly employed is the correlation coefficient (CC) 
[33-35], which is also known as cross correlation factor or cross correlation coefficient in some 
literatures. CC compares two sets of numbers (magnitude in the frequency response) and if these 
two are an exact match, CC is 1. However, the value will decrease from 1 as the similarity between 
two responses decreases. Equation (2.4) defines CC. From the equation, xi and yi are the i-th values 
in decibel (dB) from data set of x and y. x¯ and y¯ are the mean value of the data set of x and y. N is 
the size of the data set. Here, x and y will be the frequency response from the 1
st
 and 2
nd
 
measurements respectively. CC has a drawback where it could not distinguish two responses which 
have similar shape but different in magnitude. This was reported in [36] where it also proposes a 
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different indicator which is the absolute sum of logarithmic error (ASLE). ASLE can be calculated 
according to (2.5). Definitions of variables in (2.5) are similar to (2.4). In ASLE, a perfect 
correlation between two responses will produce 0. The value will increase as the similarity between 
two responses decreases. As there is no maximum limit for ASLE, it can produce values above 1. 
After the introduction of ASLE in 2005, various literatures have implemented the indicator such as 
[37-39]. A newer indicator was proposed in [40] which is known as comparative standard deviation 
(CSD). It was developed to offer a better definition than the normal standard deviation (SD) for 
comparing frequency responses. SD was originally defined for a single data set for measuring the 
variation from the average value. CSD on the other hand is designed to suit comparison of two data 
sets. The equation of CSD is given in (2.6). Since CSD is a relatively new indicator, further 
assessment on its performance is required. 
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(2.6) 
2.4.2.1 Frequency Region or Sub-Band 
To apply statistical indicators for comparing frequency responses, the response itself should be 
divided into several frequency sub-bands or regions. This is because every component of a power 
transformer is influential on a certain frequency region. For example, the low frequency region of 
the end to end open circuit response is normally governed by the transformer laminated core. 
Therefore, by performing statistical analysis on a certain frequency region, it is easier to distinguish 
which component could cause the variation between responses. 
A study presented in [41] suggested simply dividing the frequency response according to five 
decade bands (20 Hz to 200 Hz, 200 Hz to 2 kHz, etc.). This approach could be used for developing 
an automated FRA interpretation scheme since the regions were predetermined. Although this is a 
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straightforward approach, it is not completely accurate to establish a frequency region that is fixed 
for all transformers. This is because every transformer has a different response depending on the 
construction. Therefore, the region should be defined for every transformer by observing the 
measured response. Nevertheless, few literatures still suggest several frequency regions which 
roughly indicate the possible components governing these regions. IEC standard [31] also described 
three main regions that can be generalized which are the low, middle and high frequency regions 
that indicate the influence of core, interactions between windings and individual winding structure, 
respectively. 
Table 2.5  Transformer frequency response sensitivity for various conditions. 
Components Conditions 
Frequency sensitivity 
(Hz) 
Main 
winding 
Deformation within the main or top windings 20k to 400k [42] 
Movement of the main and top winding 400k to 1M [42] 
Bulk winding movement between windings and 
clamping structure 
2k to 20k [42] 
Axial deformations of each single winding > 400k [30] 
Disc space variation > 100k [43] 
Radial deformation or movement 
> 50k [44] 
> 100k [12] 
5k to 500k [30] 
Shorted turns 
> 200k [13] 
< 2k [42] 
< 10k [30] 
Axial displacement 
> 500k [13] 
> 100k [12, 44] 
Core 
Core deformation < 2k [42] 
Magnetic core and circuits < 10k [30] 
Test leads Variations in grounding practices for test leads > 2M [42] 
Others 
Poor grounding condition at site > 500k [41] 
Ground impedance variation 400k to 1M [42] 
Residual magnetism < 2k [42] 
Bushings > 1M [45, 46] 
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From various available literatures, a table has been provided which summarizes the sensitivity 
region of the frequency response according to transformer conditions, this is given in Table 2.5. 
This table also shows that even for a similar form of winding, damage could have different 
frequency sensitivity depending on the transformer. 
2.4.2.2 The Size of Data Set 
On the implementation of statistical indicators to measure the variation between responses, 
there is another issue that needs to be considered, the size of the data set could actually influence 
the indicator value. To clearly explain this matter, an example is given in Figure 2.13(a) of two 
responses with similar gradients but slightly different in magnitude. On these responses, the size of 
data set (amount of frequency points in the response) was varied from 100 to 200 points between 1 
kHz and 10 kHz. CC, ASLE and CSD were computed to measure the variation between these 
 
 
(a) (b) 
  
(c) (d) 
Figure 2.13  The performance of statistical indicators on the given example.  
(a) Example case of two responses. (b) CC with various data size.  
(c) ASLE with various data size. (d) CSD with various data size. 
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responses under different sizes of data set. Results are given in Figure 2.13(b), (c) and (d). From 
Figure 2.13(b), it shows that CC remains the same throughout all data sizes indicating that it is not 
affected by the data size. However, ASLE (Figure 2.13(c)) and CSD (Figure 2.13(d)) show that the 
data size can influence the indicators value. If the size of data set is not properly taken into 
consideration, it could lead to inconsistency in the analysis. Nevertheless, this factor appears to only 
critical if the size is small, less than 100 points. Both ASLE and CSD tend to produce consistent 
results as the size increases. To give an idea of the data size operated by commercial FRA 
instrument, MEGGER and OMICRON measure frequency responses between 20 Hz to 2 MHz with 
data sizes of 1051 and 1041 respectively. If these sizes were to divide into three or four frequency 
regions, they should adequately avoid the problem. 
2.5 FRA on Winding Deformation 
As mentioned in the earlier section, there are various transformer components which influence 
the frequency response. Among these components the main winding has been an important focus of 
investigation in the literatures. This is because the winding is the most important component in a 
transformer and can suffer several forms of mechanical damage. In order to understand how the 
winding damage could change the frequency response, many works have been performed by 
simulating the response of a damaged winding and analysing it. This is the easiest and least 
expensive approach rather than constructing a new winding and later mechanically deforming it to 
obtain the response. By properly understanding the changes on the response due to the damage, a 
suitable approach to analyse the response could be developed. The following subtopics summarize 
several works which have investigated several common winding damages. 
2.5.1 Axial Winding Displacement 
In [12], Rahimpour et al. conducted a comparative study between computer simulation and 
laboratory works to obtain the frequency response of an axially displaced winding. Mechanical 
jacks were used to lift the LV winding from its base to replicate the axial displacement. In the 
computer simulation, the lumped R-L-C-M network (resistance, self-inductance, capacitance and 
mutual inductance) was implemented to obtain the response. The winding displacement was 
represented by changing the winding resistance, capacitance and mutual inductance. Their 
investigation also evaluates the sensitivity of four different configurations for measuring the 
response in which the results show all have approximately similar response. Jayasinghe et al. [13] 
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also conducted similar work except for using a different simulation model which is the multi-
conductor transmission line (MTL) model that also proved to be considerably accurate. These two 
were among the early literatures focusing on investigating suitable models to simulate the response. 
On another issue, Wang et al. [45] investigated minor axial movement experimentally to observe 
the response sensitivity at the very high frequency region. Results show that response above 3 MHz 
is still sensitive towards the fault. However, it is later decided in CIGRE, IEC and IEEE documents 
that standard measurement frequency range is up to 2 MHz to avoid repeatability problems at 
higher frequencies. On the interpretation of the response, Karimfard et al. [47] proposed a method 
for determining the extent of axial winding displacement. It uses an indicator, which computes the 
displacement of poles from the transfer function. This method, however, requires vector fitting 
algorithm to obtain the transfer function of the transformer frequency response. Rahimpour et al. 
[44] suggested that the correlation coefficient could be applied to reveal the extent of damage by 
showing that the indicator decreases as the fault level increases. These methods however did not test 
any actual cases from field transformers. 
2.5.2 Axial Bending 
This form of winding deformation was presented by Jayasinghe et al. [48] to investigate the 
sensitivity of three FRA measurement schemes. These are end to end voltage (V1out/V1in), input 
admittance (I1in/V1in) and transfer voltage (V2/V1in). Results showed that measurement using transfer 
voltage scheme had more sensitivity for this form of damage compared to the others. However, 
since the form of damage was not known prior to the measurement, a suitable scheme could not be 
selected. In a different study, Rahimpour et al. [43] investigated an almost similar damage form 
which was termed as the disc space variation. In this failure mode, instead of the conductors 
between spacers being bent, the space between discs was varied. The reference presented a 
comparative study between the frequency response obtained through simulation and experimental 
works. In a further study by Bigdeli et al. [49], they proposed an indicator termed as Faulted-Intact 
index (FI) for distinguishing the type and extent of the fault. Beside the application of FI, again 
Bigdeli et al. [50] also proposed a method using support vector machine (SVM) for winding faults 
classification. The work compared the detection accuracy between methods using FI index and 
SVM and the latter was shown to be more reliable. Nevertheless in terms of the failure form on the 
winding, the disc space variation is not similar with the actual axial bending as reported by ABB in 
[24]. However, it seems that current research investigates more on the disc space variation rather 
than axial bending. 
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2.5.3 Winding Buckling 
As in the previous section, Jayasinghe et al. [48] also studied the buckling of windings to 
determine the most sensitive FRA measurement scheme. Results show that the transfer voltage 
(V2/V1in) is the most suitable for this type of fault. Rahimpour et al. [12] studied this damage to 
observe the accuracy of simulating the frequency response using a mathematical model and 
laboratory transformer. A special mechanical device was constructed to create buckling damage on 
the winding. Using the modelling presented in [12], Bigdeli et al. [49] further investigated this 
damage by proposing an index for measuring the severity of the fault. On the other hand, Karimfard 
et al. [51] showed a methodology which utilized the Nyquist plot to determine the location of 
damage. 
2.5.4 Inter-turn Fault 
The inter-turn fault was studied by Islam et al. [52] to simulate the frequency response using a 
distributed transformer model. In the study, several fault locations were created to observe the 
behaviour of poles at high frequency response. In a different work, Jayasinghe et al. in [13] 
investigated this fault on a comparative study between the simulated and measured frequency 
responses. The simulated response was generated using Multi-conductor Transmission Line (MTL) 
model which showed a good match with the measured response. However, the approach it used to 
represent the inter-turn fault in the modelling was not mentioned. On the other hand, Bigdeli et al. 
[49] studied the fault only experimentally on a 10 kV rated winding. The fault was replicated by 
connecting two taps which are available on the winding. The paper proposed using FI index to 
determine the type and extent of the fault. Again the same authors in [49] proposed a method in [50] 
for using SVM to classify the type. The study compared SVM and the FI index in terms of their 
classification accuracy and both have similar performance. 
2.5.5 Conductor Tilting 
There are very few literatures which discuss this form of winding damage especially from an 
FRA perspective. For example, Patel in [53] investigated the critical design load which leads to the 
instability of the transformer winding. However, this study focussed on the stress limit of the 
winding and not for FRA understanding. Marinescu et al. in [54] did mentioned both conductor 
tilting and FRA, however the reference only discusses very briefly. It seems that more 
investigations are required to examine this failure mode. 
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2.6 Summary 
This chapter begins with a brief discussion on two factors which are the main cause of physical 
damage on a power transformer. One of the factors is the large electromagnetic forces created from 
the fault current that could damage the winding. It is also presented that the forces, due to the axial 
and radial components may result in various forms of winding damage.   
Then, the chapter continues with the background theory on FRA. This also incorporates a table 
of comparison between FRA and other methods for assessing transformer deformation. The table 
indicates that FRA is more superior to other methods as it is very sensitive towards any variation of 
a transformer’s parameters. Additionally, four test configurations for measuring the transformer 
frequency response are also included. These tests are the end to end open and short circuit tests and 
capacitive and inductive inter-winding tests. Among these four tests, the end to end open and short 
circuit tests are the most commonly employed to measure the transformer response since they 
contain the most information regarding the transformer. 
Afterward, this chapter reviewed and compared briefly four available FRA standards. These are 
the Chinese Standard, the CIGRE WG A2.26, the IEC 60076-18 and the IEEE C57.149. The last 
three standards contain relatively similar information such as the terms, definitions and test 
connections. However, a well-established method for FRA interpretation is not available in these 
documents. They only present various actual cases of transformer damage along with the discussion 
on frequency responses. Consequently, the available method for evaluating the frequency response 
is also included. This is mainly on the use of statistical approach for measuring the differences 
between two responses. Two common parameters including a new parameter are discussed. These 
are the CC, ASLE and CSD respectively. Subsequently, the proper technique to employ the 
statistical parameters is also included. This is basically computing the parameter according to the 
suitable frequency region to estimate the source of a fault. In addition, the issue with statistical 
parameter is also presented in which regarding the effect of its data size on the result. However, it is 
shown that this is only critical if the data size is very small which should not be a problem in 
practical application. 
Finally, this chapter presents several available investigations of FRA on various winding 
damage. Here, five types of common winding damage or failure modes are listed which are axial 
displacement, axial bending, winding buckling, inter-turn fault and tilting of conductor. Some of the 
investigations discussed are regarding the establishment of suitable model for simulating the 
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winding response, the effectiveness of different test configurations and proposing FRA 
interpretation methods. 
In the subsequent chapter, a comparative study based on three winding response models is 
presented. These models are employed to simulate the winding response of a laboratory transformer 
which is later compared to the response obtained from measurement. The advantages and 
disadvantages of these models are discussed especially in terms of the accuracy to simulate the 
response and its ability to model various winding configurations. 
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Chapter 3 
3 Modelling the Transformer Winding Frequency 
Response 
3.1 Introduction 
The frequency response of a transformer winding can be simulated using its representation in 
electrical or numerical model. The reason for this is to realize how physical damage on a winding 
could change its frequency response. It is more feasible to conduct a study on winding deformation 
based on simulation rather than on an actual winding, especially due to the cost factor. Moreover, 
some forms of winding deformation are probably impossible to recreate on an actual winding, such 
as the tilting of conductors. Nevertheless, two forms of winding damage which are the axial 
displacement and forced buckling have been attempted before on actual windings using specially 
constructed mechanical devices as presented in [12]. 
The approach to investigating winding deformation using numerical model is recommended by 
CIGRE in [7]. The document suggests modelling the transformer winding based on the geometrical 
parameters in order to provide a better understanding and interpretation of FRA responses. It also 
further mentions that such a method may be able to generate a database of responses from various 
winding damages. With the database, one can estimate the form of damage by observing the 
changes on the response. 
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3.2 Modelling the Transformer Winding Frequency Response 
In order to realize how physical damage on a winding could affect its frequency response, one 
must begin by understanding the representation of the winding in electrical model. The transformer 
winding can essentially be represented by a network of electrical parameters, which are capacitance 
C, conductance G, resistance R, self-inductance L and mutual inductance M. To give an example, 
the insulation between two turns or conductors in a winding can be represented by a capacitance. 
Therefore, any changes to the insulation, particularly to its dimensions will change the original 
capacitance. 
Basically, there are two main methodologies to model the transformer frequency response. One 
is the lumped parameter circuit model which is a combination of electrical parameters in a circuit. 
This is normally referred to as a ladder network model which can be done by various electrical 
network analysing tools such as MATLAB, PSpice, Micro-Cap, etc. Several examples of literature 
which have used this method are [55], [56] and [57]. The second method is by equation based 
modelling which is entirely a numerical approach. An example is the multi-conductor transmission 
line (MTL) model as has been applied in [13], [58] and [59]. The following subtopics explain in 
further detail. Apart of the described methods to model the frequency response based on numerical 
calculation of R, L, C, G and M, it is also possible to employ finite element method. This method 
offers analysis from electric field perspective such as work presented in [60]. 
3.2.1 Ladder Network Model 
One of the widely used methods to model the transformer winding is by the ladder network 
model. In this model, electrical components R, G, L and C are lumped together to form a single 
network unit which represents a single disc of the winding. Due to the winding being uniformly 
structured, a repetition of this network unit connected in series is translated as a complete winding. 
This is shown in Figure 3.1. In the figure, Cs and Gcs are the total series capacitance and 
conductance of a disc of the winding respectively. Cg and Gcg are the ground capacitance and 
conductance between a disc and the ground respectively. Ls is the self-inductance of a disc and in 
series with the conductor resistance, Rs while M is the mutual inductance between two discs. It is 
also possible to model the winding by using a network unit to represent each turn. However, it does 
not significantly improve the accuracy of the simulated frequency response but only increases the 
computational load. Modelling the transformer winding using the ladder network circuit is a 
straightforward method. However, constructing the circuit is a tedious process since a transformer 
winding has a large number of discs thus the circuit will be huge as well.  
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Figure 3.1  Ladder network model with four network units. 
3.2.2 Multi-Conductor Transmission Line (MTL) 
Modelling the transformer winding based on the MTL concept is also widely used in FRA. It is 
also employed to study the behaviour of transformer windings under very fast transient overvoltage 
such as in [61, 62] and for studying the propagation of partial discharge pulses as in [63, 64]. As 
mentioned in [65], the concept of MTL refers to a certain number of parallel conductors which 
transmit electrical signals. Therefore, by applying this theory on a transformer winding, the winding 
can be considered as a network with n number of transmission lines. Here, each turn in the winding 
is referred to as a single transmission line. The corresponding transmission line equation in 
frequency domain is a set of coupled first-order differential equations as (3.1) and (3.2) [65]. 
( ) ( )
d
x x
dx
 V ZI  (3.1) 
( ) ( )
d
x x
dx
 I YV  (3.2) 
Here, V(x) and I(x) are the voltage and current matrices respectively. x is the line position. Z 
and Y are the impedance and admittance matrices of the winding in per unit length respectively. The 
equations for Z and Y are given as (3.3) and (3.4) respectively. 
s
R j 
n
Z I L  (3.3) 
j Y G C  (3.4) 
In (3.3), In is the unit matrix or identity matrix, Rs is the effective resistance due to skin effect, 
L is the inductance matrix, G is the conductance matrix, C is the capacitance matrix and ω is the 
angular frequency of the signal. In the MTL model, n is the number of turns in a winding. For 
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constructing matrices Z and Y, the resistance, inductance, conductance and capacitance have to be 
calculated. According to [61, 66], Rs can be computed with (3.5). 
Here, h and w are the height and width of the conductor cross-section respectively. f is the 
frequency of the signal. µ and σ are the conductor permeability and conductivity respectively. 
Notice that the resistance from this equation is in per unit length. Later, this will be multiplied by 
the length of each turn in the winding. 
The matrix C is composed of different capacitances; Ct, Cd and Cg. Ct is the capacitance 
between adjacent conductors in the same disc, Cd is the capacitance between adjacent conductors in 
the adjacent discs and Cg is the capacitance between conductor and ground. The arrangement of 
these capacitances in matrix C is dependent on the arrangement of the conductors in the winding. 
This can be continuous, interleaved, etc. To give an example, a winding with conductors in an 
interleaved arrangement is illustrated in Figure 3.2. The guideline to constructing the structure of 
matrix C is provided below [67, 68]: 
Cii Sum of capacitances between turn i to adjacent turns and grounded LV winding. 
Cij Capacitance between turn i and turn j multiplied by -1 with i ≠ j. 
 
Figure 3.2  Cross-section of an interleaved disc winding containing 36 turns in 6 discs. 
For the inductance matrix L, it is composed of two components which are the inductances due 
to the external flux linkage Le and internal flux linkage Li of each conductor. The inductance matrix 
L can be given as (3.6) [61, 63]. Equation (3.7) is applied with the assumption that the surrounding 
medium of the winding is homogeneous and that the electromagnetic field is in transverse mode 
[65]. 
1
2( )
s
f
R
h w
 



 (3.5) 
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L 
e n
L L I  (3.6) 
1 
e
L C  (3.7) 
 2
s
i
R
L
f
  (3.8) 
The conductance matrix G can simply be obtained from matrix C and insulation dissipation 
factor tanδ as (3.9). 
δtanπfCG 2  (3.9) 
Once matrices Z and Y have been constructed, the voltage and current of the winding can be 
computed. This can be achieved by using the admittance parameter matrix for the two port network. 
As illustrated in Figure 3.3, the winding can be considered as having n number of sending and 
receiving voltages. The admittance parameter matrix, Yˆ  of the transformer winding therefore is 
formed as (3.10) [65]. 
 
Figure 3.3  Multi-conductor transmission line model of a transformer winding. 
ˆ ˆ
ˆ ˆ
    
     
     
S 11 12 S
R R21 22
I Y Y V
I VY Y
 (3.10) 
The definition of ˆ
11
Y , ˆ
12
Y , ˆ
21
Y  and ˆ
22
Y  are given in (3.11). 
 
 
ˆ ˆ coth l
ˆ ˆ - csch l
 
 

11 22 C
12 21 C
C
Y Y Y ZY
Y Y Y ZY
Y
Y
ZY
 (3.11) 
Here, Yc is the characteristic admittance matrix. The proper multiplication order of matrices Z 
and Y are important as these two do not commute, i.e. Z∙Y ≠ Y∙Z. In (3.11), l is the winding 
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conductor length which suggests that the matrices are computed based on the length of a single turn. 
In [61], this was in fact taken as the average length of all turns in a disc. However, each turn in a 
disc do not have the same length since the outer turn has a longer length than the inner turn. 
Therefore, to be precise, l has to be represented by a diagonal matrix with each element having 
different values where each value corresponds to the length of each turn. This is given as (3.12). 
Here, l1, l2 and ln represent the length of the corresponding turns (1, 2 and n) [69]. 
1
1
0 0
0
0
0 0
n
l
l
l
 
 
 
 
 
 
l  (3.12) 
Currently, the size of matrix Yˆ  in (3.10) is 2n × 2n. The next step is to reduce the matrix size to 
(n+1) × (n+1) by applying two boundary conditions for the current and voltage as (3.13) and (3.14) 
respectively into (3.10). 
   1S RI i I i    (3.13) 
   1S RV i V i    (3.14) 
With (3.13) and (3.14), (3.10) can be reduced to (3.15). 
(1) (1)
0 (2)
0 ( )
( ) ( )
S S
S
S
R R
I V
V
ˆ
V n
I n V n
   
   
   
   
   
   
      
n+1,n+1
Y  (3.15) 
Equation (3.15) can be rearranged to obtain (3.16). 
(1) (1)
(2) 0
( ) 0
( ) ( )
S S
S
n+1,n+1
S
R R
V I
V
ˆ
V n
V n I n
   
   
   
   
   
   
      
Ω  (3.16) 
Where matrix Ωˆ  is the inversion of matrix Yˆ . From (3.16), two key equations can be obtained 
which are (3.17) and (3.18). 
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(1) (1) ( )
S 1,1 S 1,n+1 R
ˆ ˆV I I n   Ω Ω  (3.17) 
( ) (1) ( )
R n+1,1 S n+1,n+1 R
ˆ ˆV n I I n   Ω Ω  (3.18) 
Where VS(1) and VR(n) are the input and output voltages of the winding respectively. Here, the 
last terminal (n) with reference to Figure 3.3 can be connected to a 50Ω resistor. This is to represent 
the output impedance of the FRA test equipment when conducting the measurement [70]. 
Therefore, by applying VR(n) = −50IR(n) into (3.17) and (3.18) and solving for IS(1), the voltage 
transfer function Vout/Vin of the transformer winding can be obtained as (3.19). Additionally, the 
transfer function of the input impedance Vin/Iin can also be obtained as (3.20) [59]. The transfer 
function computed using this model is similar to the transfer function which is measured using end 
to end short circuit test on a single phase winding as illustrated in Figure 3.4. This is because the 
effect of core and mutual coupling between HV and LV windings are absent in both model and 
measurement. 
1 1
1 1 1 1 1 1 1 1 1 1
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   
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 
    
Ω
Ω Ω Ω Ω Ω
 (3.19) 
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1 1
, n ,n ,n n ,in
in n ,n
ˆ ˆ ˆ ˆV
ˆI
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 
  

Ω Ω Ω Ω
Ω
 (3.20) 
 
Figure 3.4  End to end short circuit test of single phase transformer winding. 
There is a drawback in the MTL model where it consumes a long computational time to 
simulate the frequency response of the winding. This is mainly due to the large size of the matrices 
which are dependent on the number of turns. Moreover, the computation has to repeat for every 
frequency point to simulate the response for a given frequency range. To overcome this problem, 
[59] proposed some modifications on the MTL model which is later termed the hybrid MTL model. 
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3.2.3 Hybrid MTL 
The Hybrid MTL model was presented in [59] where it combines the concepts of travelling 
wave theory and the MTL. The travelling wave equations are applied for the voltage and current 
propagations along the conductor of the winding. The coupled first order partial differential 
equations can be obtained as (3.21) and (3.22) [59]. The combination of these equations is given as 
(3.23). 
( ) ( )
d
x x
dx
 V ZI  (3.21) 
 
1
( ) ( )
n s
d
x x
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
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 
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    
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       
ZV I
A A
I V Q I Y Z
 (3.23) 
As can be seen in (3.22), the admittance matrix Y is represented by  
1
n s

Q I Y Z  which is 
different from the original MTL model. Here, Q is the inter-disc admittance matrix, Ys is the inter-
turn admittance matrix, Z is the impedance matrix and In is the unit or identity matrix. Here, n is the 
number of discs in the winding instead of turns as in the MTL model. Therefore, this considerably 
reduces the matrices’ size thus the computational load. Matrices Z, Q, and Ys are constructed as 
(3.24), (3.25), and (3.26) below. 
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Here, Zi = Rs+sLs consists of the effective resistance due to conductor skin effect, Rs and self-
inductance Ls of a disc. sMij is the mutual inductance between disc i and j with s = jω. Yi = 
(Gg+Gd)+s(Cg+Cd) which consists of the conductance and capacitance due to adjacent discs and 
disc to ground. To be precise, the value of Yi is as follow: 
Yi = (Gg+Gd)+s(Cg+Cd) , for i = 1 and n 
Yi = (Gg+Gd(i−1)i+Gdi(i+1))+s(Cg+Cd(i−1)i+Cdi(i+1)) , for i = 2,3,…,n−1 
Qij = Gd+sCd consists of the conductance and capacitance between disc i and j. It is the total 
conductor length of a disc. Ysi = Gt+sCt consists of inter-turn conductance and capacitance. To 
compute the conductor resistance Rs, the hybrid MTL model as presented in [59] uses the equation 
which is based on the Bessel formulation as given in (3.27) [59, 71, 72]. 
0
1
( )
2 ( )
s
I a
R Re
a I a

  
 
  
 
 (3.27) 
Here, j   and a is the equivalent circular radius of the winding turn. I0 and I1 are the 
modified Bessel function of the first kind. In the case of mutual inductance between two discs, it 
can be calculated using equation (3.28) and (3.29) as given below [59, 71, 73]. 
   
2 2
ij o i j i j
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k k
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 (3.28) 
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i j
i j
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k
r r z

 
 (3.29) 
Here, Mij is the mutual inductance of disc i and j, r is the average radius of the disc and z is the 
axial distance between disc i and j. Ni and Nj are the number of turns in discs i and j respectively. K 
and E are the complete elliptic integrals of first and second kinds respectively. The self-inductance 
of disc i, Lii can be calculated by using the same equations but replacing z with z = 0.2235(h+w) 
where h and w are the height and width of the disc cross-section respectively [73]. The equations to 
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compute all capacitances (Ct, Cd and Cg) are similar for both MTL model and Hybrid MTL model. 
This is presented in the following subtopic. 
Once matrix Z and Y have been constructed, (3.23) can be solved by using the chain parameter 
matrix representation as (3.30) below [65]. 
     , where 
ˆ ˆ
ˆ ˆ
ˆ ˆ
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SR 21 22
VV Φ Φ
Φ Φ
II Φ Φ
 (3.30) 
Here, the total chain parameter matrix, Φˆ  of the entire disc can be computed as the product of 
individual turn to consider the length of each turn. This is shown in (3.31) where A is the matrix in 
(3.23) and at is the length of conductor at turn t. 
t t-1 2 1a a a a= e e e eˆ    A A A AΦ  (3.31) 
Therefore by applying (3.31), the computation is more accurate as it has considered the 
different length of each turn. Once the total chain parameter matrix of a disc has been computed, the 
voltage and current matrices are organized by the matrix Yˆ  as (3.32) which is also similar to (3.10) 
in the MTL model. However, the computation of ˆ
11
Y , ˆ
12
Y , ˆ
21
Y , and ˆ
22
Y  is based on the chain 
parameter matrix as (3.33) [65]. 
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Y Y Φ Φ
Y Y Φ
 (3.33) 
Consequently, (3.32) can be solved with the same procedure as presented in the MTL model 
from (3.13) onwards until solving for the voltage transfer function Vout/Vin as (3.19) and the input 
impedance transfer function Vin/Iin as (3.20).  
3.2.4 Computing the Winding Capacitance 
Capacitance in the transformer winding is distributed in a uniform manner and its value 
primarily depends on the geometry of the conductor and insulation. To compute the capacitance, the 
calculation is based on the method to model the transformer winding. In the ladder network model, 
only two types of capacitance are considered compared to three types in the MTL and hybrid MTL 
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model. This is because in the ladder network model, both inter-turn and inter-disc capacitances are 
considered as a single series capacitance, Cs. Moreover, due to different winding arrangements such 
as continuous and interleaved, the equation for Cs is also different. For interleaved winding, the 
calculation of series capacitance per disc can be given as (3.34) [71]. Figure 3.5 illustrates an 
interleaved winding with the relevant geometry required to compute the capacitance. 
 
Figure 3.5  Cross section of an interleaved winding with two discs and five turns on each disc. 
 s t t d
4
C m 1 C ' C
3
    (3.34) 
In (3.34), mt is the number of turns in a disc, Ct’ and Cd’ are the capacitances between adjacent 
turns and adjacent discs respectively. The equation for Ct’ and Cd’ are given below [71]. 
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Here, h is the height of the disc. ti and d are the insulation thickness between adjacent turns and 
adjacent discs respectively. di and do are the inner and outer diameters of the disc respectively. The 
calculated Cs is the total capacitance value (Farad) for each disc taking into account the length of 
the conductor. For the calculation of series capacitance for a continuous winding, it is provided in 
Appendix A. For the ground capacitance, it is considered as the capacitance between HV and LV 
windings since the LV winding is connected to ground as shown in Figure 3.4. Therefore, the 
ground capacitance of a disc can be computed using (3.37) which is based on cylindrical or coaxial 
capacitor formula [59, 64, 71]. 
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(3.37) 
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Here, Rmin,HV and Rmax,LV are the inner and outer radius’ of HV and LV windings respectively. 
For the MTL and hybrid MTL models, the calculation of Ct and Cd in per unit length (Farad/meter) 
as presented in [59, 64] are given as (3.38) and (3.39) respectively. 
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  (3.38) 
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  (3.39) 
Here, w is the width of the conductor. However, these two equations are based on the parallel 
plate capacitor formula which is not entirely accurate to represent the circular shape of the winding 
conductor. A better equation for Ct is therefore by using the cylindrical capacitor formula which is 
as (3.40). For Cd, the capacitance is based on the conductor with circular surface area as given in 
(3.41). 
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Here, ra and rb are the radius of two adjacent turns in a disc with turn a having a larger radius 
than turn b. In the case of ground capacitance Cg, (3.37) can be employed, but dividing it with the 
turn length, 2πRmin,HV to give the capacitance in per unit length value. 
Once all capacitances in per unit length value are available, matrices Ct, Cd and Cg can be 
constructed. Two examples of the constructed matrices for interleaved and continuous disc 
windings are provided in Appendix B. The summation of these matrices is required in the MTL 
model in (3.4). In the case of the hybrid MTL model, since matrices in the model are based on per 
disc, the constructed Ct, Cd and Cg cannot be implemented. Therefore, Cd and Cg in per unit length 
value are applied in (3.25) while Ct in per unit length is applied in (3.26). One can notice that the 
matrices Ct, Cd and Cg for MTL model are dependent on the winding arrangement. Since these 
matrices are not applied in the hybrid MTL model, the model is unable to differentiate the winding 
arrangement. This is the major drawback of the model. 
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3.3 Parameter calculation on the experimental transformer 
A laboratory transformer was used as the test subject for simulating frequency response. It is a 
three phase transformer with different construction on all three HV windings as shown in Figure 
3.6(a). Since the transformer was manufactured for educational purposes, the windings were 
intentionally left exposed. Only the HV winding of phase A is chosen in this study since the 
conductor is sufficiently large to allow its dimensions to be measured as shown in Figure 3.6(b). 
The winding has an interleaved arrangement for the conductor. The investigation on this 
transformer is also presented in author’s work in [69]. 
  
(a) (b) 
Figure 3.6  (a) A laboratory transformer consisting of three different windings.  
(b) Measuring the dimensions of the conductor of HV winding phase A. 
To calculate electrical parameters of the winding, geometrical information such as the number 
of turns and dimensions of the conductor are required. This has been obtained and presented in 
Table 3.1 and Figure 3.7. As given in Table 3.1, the HV winding of phase A consists of 40 discs 
with a 2 mm thick pressboard layer between two adjacent discs. For the LV winding of phase A, its 
geometrical information could not be obtained due to the transformer condition. Therefore, the 
influence of mutual inductance between HV and LV windings is not included in the following 
analysis. Nevertheless, this will not significantly affect the high frequency response since the region 
is governed by the winding capacitance. 
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Based on winding parameters in Table 3.1, capacitance and inductance are calculated. As 
mentioned earlier, the ladder network model requires capacitance and inductance in Farad and 
Henry respectively. On the other hand, the MTL and hybrid MTL models require values in per unit 
length which are Farad/meter and Henry/meter. The computed values of capacitance and inductance 
are given in Tables 3.2 and 3.3 respectively. 
Table 3.2  Capacitance for the HV winding of phase A. 
Series capacitance, 
Cs 
Eqn. (3.34) 
(F) 
Ground capacitance, 
Cg 
Eqn. (3.37) 
Inter-turn capacitance, 
Ct 
(F/m) 
Inter-disc capacitance, 
Cd 
(F/m) 
(F) (F/m) Eqn. (3.38) Eqn. (3.40) Eqn. (3.39) Eqn. (3.41) 
7.42×10
-10
 2.83×10
-11
 5.96×10
-11
 4.77×10
-10
 4.77×10
-10
 1.70×10
-11
 1.70×10
-11
 
 
One may notice from Table 3.2 that the series capacitance is higher than the ground 
capacitance. In terms of square root ratio of Cg and Cs which is normally referred to as distribution 
constant or space coefficient, g sC C  , the value is 0.1953. The distribution constant is a 
parameter for indicating the voltage distribution along the winding. Low α is preferable as the 
winding has more uniform voltage distribution thus reducing voltage stresses between components 
in the winding [26]. Additionally, this parameter also governs the shape of the frequency response 
of the winding. An interleaved winding normally has a distribution constant less than 1. On the 
Table 3.1  Parameter of the experimental transformer 
winding. 
Parameter Value 
Number of disc 40 
Number of turns per disc 14 
Conductor width, w−ti 1.2 mm 
Conductor height, h−ti 5.6 mm 
Conductor insulation thickness, ti 0.4 mm 
Pressboard thickness between discs 2 mm 
Winding outer radius 90.0 mm 
Winding inner radius 67.6 mm 
Insulation thickness between HV and 
LV winding 
3 mm 
 
 
 
Figure 3.7  Cross section of the 
conductor of HV winding phase A. 
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other hand, a continuous winding has a distribution constant in the range of 5 to 30 as mentioned in 
[26]. 
Table 3.3  Inductance for the HV winding of phase A using (3.28). 
 
Self-inductance, 
Ls 
Mutual Inductance, Mij 
M12 M13 M23 M24 M25 
Total value per disc 
(H) 
5.79×10
-5
 5.29×10
-5
 4.00×10
-5
 5.29×10
-5
 4.00×10
-5
 3.29×10
-5
 
Per unit length 
(H/m) 
8.35×10
-6
 7.63×10
-6
 5.77×10
-6
 7.63×10
-6
 5.77×10
-6
 4.75×10
-6
 
 
For the inductance, only several mutual inductances are given in Table 3.3 as examples. The 
self-inductance is similar for every disc in the winding. It can be noticed that the mutual 
inductances (coupling) between discs 1 and 2 and between discs 2 and 3 are the same at 5.29×10
-5
 
H. This is because both cases have similar distance between the two discs. Nevertheless, the total 
inductance for each disc is different because the location of the disc in the winding determines its 
mutual inductance with other discs. This is illustrated in Figure 3.8. It shows that the discs at the 
end of the winding (disc 1 and 40) have the lowest total inductance value due to the weak mutual 
coupling with other discs as the distance increases. On the other hand, the eighth disc from both 
winding ends (disc 8 and 33) has the highest total inductance as shown in Figure 3.8. 
 
Figure 3.8  Total inductance (self and mutual) for each disc in the winding. 
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3.4 Comparison between simulation and experimental 
3.4.1 Measurements on the Prototype Transformer 
In order to evaluate all three models, comparisons are made between the simulated frequency 
responses of each model with the measured response. FRA measurement is conducted on the 
outermost winding (HV winding) of phase A (as shown in Figure 3.6(a)) while the inner winding 
(LV winding) of phase A is shorted. According to CIGRE brochure [7], the followed measuring 
configuration is known as single phase end to end short circuit connection (illustrated in Figure 
3.4). This is one of the most common test configurations applied in FRA. With this configuration, 
the effect of core is absent. This is essential because this factor is not considered in the adopted 
models. The measurement is performed from 20 Hz to 1 MHz using FRAX-150 sweep frequency 
response analyser [70]. The supply voltage terminal is set to sine wave voltage signal of 10 V peak 
to peak. The frequency response of the voltage ratio of Vout/Vin is chosen for the measurement.  
The measured frequency response presented in linear plot is shown in Figure 3.9(a). In the 
figure, typical characteristics of an interleaved winding response can be observed. It shows a 
dominant anti-resonance where the response reaches the lowest magnitude following by a steady 
increase of magnitude as the frequency increases. At the anti-resonance, the total impedance of the 
winding is very high due to the ratio between output and input voltage being extremely low. One 
may consider this as the turning point where before and after the anti-resonance, the response is 
dominated by the inductive and capacitive elements of the winding respectively. Observing on the 
logarithmic plot, the low frequency region shows the response has a constant magnitude of 0 dB. 
This indicates that the output and input voltages are similar with reference to x dB = 
  
(a) (b) 
Figure 3.9  Measured frequency response of the HV winding of phase A from 20 kHz to 1 MHz.  
(a) Linear plot. (b) Logarithmic plot. 
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20log10(Vout/Vin). Therefore, within this region there is no impedance existing to be seen by the 
measurement. After about 1 kHz, the response begins to decrease in magnitude which is due to the 
influence of winding inductance.  
3.4.2 Ladder Network Model 
The ladder network circuit is constructed by connecting 40 network units in series to represent 
40 discs of the HV winding. Each network unit comprises inductance, resistance, capacitance and 
conductance of each disc. The circuit is drawn using Micro-Cap software [74]. The simulated 
frequency response of the circuit is presented in Figure 3.10. From the figure, one can clearly notice 
that the high frequency of the simulated response is completely different from the measurement as 
in Figure 3.9(b). The high frequency response shows a repetitive of several resonances which is a 
common characteristic of a continuous disc winding. Such resonances are due to parallel 
combination of series capacitance Cs and self-inductance Ls which at certain frequencies, the total 
impedance is reaching zero thus the response magnitude is close to zero. This simulation indicates 
that the model is unable to provide the correct high frequency response according to the winding 
type which in this case is the interleaved winding. For the medium frequency region which covers 
the negative slope response (100 – 100 kHz), the simulated response appeared at slightly lower dB 
than the measured response. This is mainly due to the absent of mutual inductive between HV and 
LV windings which is not considered in the model. On the other hand for the low frequency region 
from 20 Hz, both simulated and measured responses showing a constant value of 0 dB.  
 
Figure 3.10  Simulated frequency response using ladder network model. 
3.4.3 MTL Model 
In the MTL model, the winding which contains 40 discs and 14 turns in each disc is translated 
into a 560 × 560 matrix in (3.9) and a 1120 × 1120 matrix in (3.10). The computation is repeated for 
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every frequency point from 20 Hz to 1 MHz. The amount of frequency points is based on the 
resolution required to simulate a smooth response. In this case, 500 frequency points are adequate. 
The simulated frequency response of the winding using the MTL model is presented in Figure 3.11. 
It is in a linear scale to clearly exhibit the response at the high frequency region. As can be seen in 
Figure 3.11, the MTL model is able to simulate the dominant anti-resonance which is available in 
the measured response as shown in Figure 3.9(a). The simulated anti-resonance is located at slightly 
above 400 kHz while its actual frequency from measurement is just slightly below 400 kHz. 
Nevertheless, this difference is still acceptable since it is insignificant. Furthermore, the overall 
shape of the simulated response is similar to the measured response. This can be seen where the 
MTL model is able to produce the declining and inclining trend of magnitude on the response 
before and after the anti-resonance respectively. To a small degree the simulation accuracy is 
affected due to several assumptions in the MTL model such as the medium or insulation which 
surrounds the conductor was assumed to be homogeneous [65]. This in fact is actually a complex 
non-uniform insulation system which comprises of paper, pressboard and oil insulation. Another 
assumption was the electromagnetic fields surrounding the winding conductors are only transverse 
or perpendicular to the line axis [65] which neglects the electric field distorted at the corner of 
conductors. Nevertheless, the MTL model has a significant advantage which is the ability to model 
the different winding arrangements. 
 
Figure 3.11  Simulated frequency response using MTL model. 
3.4.4 Hybrid MTL Model 
In the hybrid MTL model, the matrices are significantly smaller than in the MTL model. For 
example, the matrix in (3.24) is only 40 × 40 while the matrix in (3.32) is only 80 × 80. The 
simulated response using the hybrid MTL model is given in Figure 3.12. From the figure, clearly 
the model is unable to simulate the winding response especially in the high frequency region. The 
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simulated high frequency response exhibits multiple resonances. Similar to the ladder network 
model, the hybrid MTL model is unable to distinguish the differences between continuous and 
interleaved windings. Although the lower frequency response is similar which stays constant at 0 
dB and followed by a negative slope, it is however the high frequency response that is important as 
it contains the main characteristic of response which is the anti-resonance. 
 
Figure 3.12  Simulated frequency response using hybrid MTL model. 
Although the hybrid MTL model is unable to simulate the response for this type of winding, for 
justifying its application a different transformer winding is taken to simulate its frequency response. 
For this purpose, the transformer winding is a continuous arrangement available from [75]. The 
geometry of the winding is given which is sufficient to allow the winding response to be simulated. 
The measured response is also provided in the reference. However, the measured frequency 
response is of the input impedance (Vin/Iin). Therefore, (3.20) is applied in the model to simulate a 
similar response. The simulated and measured responses are given in Figure 3.13. The responses are 
presented separately in Figure 3.13. This allows each response to be clearly shown using suitable 
scale of Y axis. As can be seen in Figure 3.13(a), the model is able to produce the recurrence of 
resonances. Although the number of simulated resonances is slightly more than the measurement, 
the overall shape of the response is considerably similar. As the frequency increases, the magnitude 
of the simulated resonance decreases which is similar with the measurement. From this comparison 
by using a different transformer winding, it shows that the hybrid MTL model is able to simulate 
the winding response. However in terms of accuracy, the MTL model proves to be better than the 
hybrid model. This is clearly presented in Figure 3.13(c) where the MTL model is used to simulate 
the same continuous winding. 
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(a) (b) 
 
(c) 
Figure 3.13  Frequency response of the input impedance of the transformer winding taken from [75] 
(a) Simulated frequency response using hybrid MTL model. (b) Measured frequency response.  
(c) Simulated frequency response using MTL model. 
3.5 Summary 
In this chapter, three methodologies to simulate the frequency response of a transformer 
winding are presented. The first method which is the ladder network model requires suitable 
electrical network analysing software to construct the model. This is time consuming as one will 
need to draw the circuit which is considerably large depending on the number of discs in the 
winding. Moreover, one will have to redraw a new circuit for a different transformer winding. 
However, generating the frequency response is almost instantaneous. Besides having to draw the 
ladder network circuit, the model can be executed in MATLAB as a set of coupled differential 
equations. In terms of its application, the model could not simulate a winding with an interleaved 
winding arrangement. This is because each network unit is representing each disc of the winding. 
Therefore, it is unable to realize the difference between continuous and interleaved arrangements of 
the conductors in a disc. The second method is the MTL model which utilizes the concept of multi-
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conductor transmission lines on transformer windings. This model takes into account the location of 
each conductor in the winding. Therefore it is able to distinguish between the different types of 
windings. However, due to the large size of the matrices the model consumes long computational 
time. Nevertheless, this is not a major drawback. For the third method, the hybrid MTL model also 
presents the same problem as the ladder network model which is incapable of simulating an 
interleaved winding response. A different transformer winding which is a continuous type is 
therefore taken as another test subject for simulating its frequency response. The simulated response 
in this case showed a considerable match in terms of the overall response shape such as the 
recurrence and the decreasing of magnitude of the resonances. However, for the same winding, the 
MTL model can produce more accurate response compared with the hybrid MTL model. This is 
because the MTL model can also closely simulate the shape and magnitude of the resonances.  
To reiterate the earlier statement in the introduction, the main objective of simulating the 
winding response is to allow further studies for understanding the response characteristic. Here, the 
response characteristic implies the feature of the response which may change due to winding 
deformation or other conditions. In the following chapter, the sensitivity of the transformer 
frequency response on different conditions is investigated. Among the issues presented are the 
variation of the frequency response due to several instances of winding damage, the influence of 
other winding phases and influence of the tap changer. 
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Chapter 4 
4 The Sensitivity of Transformer Frequency Response 
4.1 Introduction 
Frequency response of a transformer is sensitive towards various components such as the iron 
core, windings and even oil-paper insulation. Although this is generally known by all FRA users, 
detail understanding on this method is still not completely covered in the available literature. For 
this reason, more investigations are still required. In this chapter, the study of several factors which 
influence the sensitivity of transformer frequency response is presented. The factors are as follows: 
 Winding geometry. 
 Mechanical damage on various winding constructions. 
 Winding condition from different phases. 
 Variation of tap changer setting.  
The first study is a fairly basic approach to investigate the sensitivity of transformer frequency 
response with variation of winding geometry. A clear understanding of this matter will assist in 
comparing responses of two different transformers. This is performed by the simulation model 
which has been established in the previous chapter. The second study is also based on the 
simulation where two forms of mechanical damage are presented. Each deformation is applied on 
three different winding constructions to observe how similar damage changes the winding response. 
The first and second studies in this chapter are based on author’s work which are presented in [76]. 
The last two studies are conducted on two actual transformers available in the laboratory. The first 
measurement is to identify the possible influence of windings from other phases on the tested 
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winding. This is an important aspect of FRA that needs to be answered as one could mistakenly 
assume the changes on the response is due to winding damage when it is actually due to the 
neighbouring windings. The second measurement is on the sensitivity of the frequency response due 
to the tap changer setting. Although the recommended practice is to set the tap changer at full 
winding to conduct the measurement, it is still important to observe and recognize how the tap 
changer influences the response. In general, each part of this study is aiming to contribute to certain 
aspects of transformer frequency response which have not been covered or completely covered in 
the current literature. Therefore, the findings will help to improve the understanding of FRA when 
conducting measurements and also the analysis. 
4.2 FRA Sensitivity on the Winding Geometry 
When comparing the FRA measurements to assess the condition of a power transformer there 
are three listed options as given in [7, 31] of which the initial or baseline response should be taken 
from. These are: 
1. The baseline response from the same winding. 
2. Winding from a twin or sister transformer which has identical construction.  
3. Windings from other phases of a similar transformer. 
The second and third options are given since the baseline response of the tested transformer is 
not always available. For the third option, this is possible when the tested transformer has a twin or 
‘sister’ transformer which was manufactured together under the same specification. For this reason, 
the baseline response can be obtained from the twin transformer. As presented in [7], the response 
from the twin transformer can give considerable match with the response of the tested transformer. 
However, given a situation where the twin transformer is not available, will a different transformer 
almost identical in construction be able to be used for its baseline response? To provide an answer 
to this question, a study is conducted to observe the sensitivity of the frequency response by varying 
the winding geometry. 
To examine the sensitivity of winding response, the response is simulated using the MTL 
model by varying winding geometrical parameters. The winding selected for this study is a 
continuous winding available in [77]. This is referred to as winding B and its parameters are given 
in Table 4.1. To determine which parameter should be varied, several different windings are 
compared as given in the table. Winding A is the interleaved winding from the previous chapter 
while winding C is taken from [78]. Some of the common variations on the parameters are the 
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number of turns, conductor dimensions and the insulation thickness between HV and LV windings. 
These parameters are therefore chosen in this study. Each parameter is adjusted individually to 
observe its influence on the winding response. The number of turns is increased from 9 to 11 per 
disc. The thickness of inter-winding insulation is increased by 2 mm. The thickness of insulation 
covering the conductor is increased by 1 mm. 
Table 4.1  Parameters of three different windings [76]. 
Parameters Winding A Winding B [77] Winding C [78] 
Arrangement Interleaved Continuous Continuous 
Number of disc 40 60 62 
Number of turn per disc 14 9 6 
Conductor height 5.6 mm 9.0 mm 6.0 mm 
Conductor height with insulation 6.0 mm 10.0 mm 8.4 mm 
Conductor width 1.2 mm 2.5 mm 3.0 mm 
Conductor width with insulation 1.6 mm 3.5 mm 5.4 mm 
Inter-winding insulation thickness 3.0 mm 4.0 mm 24.4 mm 
 
 
Figure 4.1  Frequency responses of winding B with the variation of its geometrical parameters [76]. 
All the simulated frequency responses are illustrated in Figure 4.1. From the figure, one can 
observe and categorize two response movements. These are the shifting of resonances to lower or 
higher frequencies. The results show that by increasing the number of turns or the thickness of 
conductor insulation, all resonances will shift toward lower frequencies. The former increases the 
winding inductance while the latter decreases all winding capacitances. On the other hand, by 
increasing the inter-winding insulation thickness, the resonances will shift toward higher 
frequencies. This is due to the decreased inter-winding capacitance which is actually the ground 
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capacitance since the inner winding is connected to ground. Even though the variation of winding 
parameters is not significant, it has substantial influence on the response. This finding suggests that 
it is particularly important to compare transformer response with an exact construction match as 
even 1 mm change in the geometry could give a considerable variation on the frequency response. 
4.3 Different Winding Construction on a Similar Winding Damage 
In this section, the influence of winding damage on the frequency response of various 
transformer windings is observed. The literature has discussed various issues especially in 
establishing an interpretation scheme for FRA. However, from an overall review on most of the 
studies, it can be noticed that the investigation presented is only on one transformer on a single form 
of winding damage. Since the frequency response varies from each transformer, it is interesting to 
examine how similar winding damage will change the frequency response of various windings. In 
order to answer this question, the following studies are conducted. Two forms of winding damage 
are simulated on three different windings to observe and compare the frequency responses. The 
damage types are illustrated in Figure 4.2. Normal and damaged winding responses are simulated. 
The electrical parameters of the winding are modified to represent the mechanical deformation on 
each winding. Detail discussion on the methodology to obtain the electrical parameters of a 
deformed winding is presented in the following chapter. 
  
(a) (b) 
Figure 4.2  Two different forms of winding damage. (a) The tilting of conductors.  
(b) The axial bending of conductors. 
4.3.1 The Tilting of Conductors 
Initially, the tilting of conductors is chosen as the winding failure mode. Normal and deformed 
winding responses are compared for three different windings which are taken from Table 4.1. 
Figure 4.3(a) shows the simulated responses of normal and deformed winding A. It can be observed 
from the figure that the damage has caused the response to slightly shift toward lower frequencies. 
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This also reduced the magnitude of the anti-resonance which appeared at around 400 kHz. Figure 
4.3(b) shows responses for winding B. In this case, the deformation has caused the response to shift 
toward higher frequencies. This is probably due to the winding arrangement, which is continuous 
instead of interleaved as in the previous case. Additionally, resonances located at higher frequencies 
are shifted more than resonances at lower frequencies. Figure 4.3(c) shows responses for winding 
 
(a) 
 
(b) 
 
(c) 
Figure 4.3  Frequency response of normal and damaged winding due to the tilting of conductors.  
(a) Winding A. (b) Winding B. (c) Winding C. 
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C, which is also a continuous winding. Similar to winding B, the deformed winding response also 
shifted toward higher frequencies. However, the amount it moved is small compared with winding 
B. 
The variation between responses is measured using three statistical indicators, CC, ASLE and 
CSD. However, only responses from 100 kHz to 1 MHz are compared since the resonances 
appeared only in this frequency region. The results are given in Table 4.2. Examining computed CC 
for windings A and B, both have values below 0.97 which is normally considered to be low. This 
should clearly indicate or alarm the user that the winding has suffered damage. However, winding C 
has a considerably high value at 0.99 which the user would assume the winding is fine. For ASLE, 
windings A and B have values at 1.94 and 1.99 which are high and fairly consistent. On the other 
hand, winding C has a relatively small value at 0.81 which is less than half compared to windings A 
and B. For CSD, windings A and B have different values at 2.75 and 1.99 respectively. This 
indicates that the response variation is larger on winding A compared with B. However, this 
contradicts with the outcome from CC, where winding B at 0.85 has a larger response variation 
compared with A at 0.96. 
Table 4.2  Statistical indicators between responses for conductor tilting. 
Statistical indicator Winding A Winding B Winding C 
CC 0.96 0.85 0.99 
ASLE 1.94 1.99 0.81 
CSD 2.75 1.99 0.51 
 
Overall, findings in this study suggest that even though all windings suffered a similar severity 
of damage, the level of response sensitivity is different between windings. Regarding the response 
variation, the damage has caused interleaved winding response to shift left while shifting the 
opposite direction for continuous windings. For the statistical indicators, results from CSD 
contradict with CC. This implies that relying only on one indicator could lead to an erroneous 
interpretation. To further verify this, a different winding damage is studied using the same 
approach. 
4.3.2 The Axial Bending of Conductors 
In the second study, the winding response sensitivity is investigated under the condition where 
some conductors are bent. It is assumed that the deformation affected 50% of the total disc for all 
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three windings. With reference to Figure 4.2(b), it is assumed that the damage has increased and 
decreased the insulation space between certain discs. Figure 4.4(a) shows normal and deformed 
winding responses of winding A. It can be observed that the variation is hardly visible compared 
with the previous damage. On the inset, it shows that the damage has slightly reduced the response 
magnitude without shifting it. In the case of winding B, the deformation has caused the response to 
 
(a) 
 
(b) 
 
(c) 
Figure 4.4  Frequency response of normal and damaged winding due to the bending of conductors. 
(a) Winding A. (b) Winding B. (c) Winding C. 
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slightly shift toward lower frequencies. The results are shown in Figure 4.4(b). This is opposite to 
the previous damage where the response moves to higher frequencies. Winding C also has the same 
response trend as in winding B. This can be observed on the inset in Figure 4.4(c). This damage is 
similar to the one studied in [43], where it is called the disc space variation. It is due to the variation 
of insulation space between discs. As in the axial bending, this damage only affects the inter-disc 
capacitance and therefore the response variation is very small. 
Statistical indicators are computed and the results are provided in Table 4.3. Since the response 
variation is very small, all windings have CC close to 1. For ASLE, winding C shows the highest 
variation at 0.11 compared with the other windings which are below 0.1. However for CSD, 
winding A shows the highest variation at 0.33. 
Table 4.3  Statistical indicators to compare between normal and deformed winding responses for 
axial bending. 
Statistical indicator Winding A Winding B Winding C 
CC 0.99 0.99 0.99 
ASLE 0.07 0.09 0.11 
CSD 0.33 0.15 0.20 
 
Findings in this study suggest that even though 50% of the winding was axially bent, the 
response sensitivity is very low. This is mainly due to the damage not affecting certain winding 
parameters. However, the level of response sensitivity is fairly consistent on all windings compared 
with the previous damage where winding C is less sensitive. By measuring the response variation, 
all statistical indicators showed a low value. As in the previous winding damage, CC and CSD still 
show contradicting results where CC suggested winding B has a larger response variation than 
winding A while vice versa for CSD. CC has more stable performance for all three windings 
compared with other indicators for this winding damage. 
4.4 The Influence of Windings from Other Phases 
In this section, a different issue regarding the sensitivity of transformer frequency response is 
investigated. It is concerning the influence of other windings from different phases on the measured 
winding response. As mentioned in the IEC standard in [31], for the intermediate frequency region 
the transformer response can be affected by the coupling effect between windings. However, this is 
mainly regarding the arrangement and connection of windings. As an example, for a three phase 
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transformer, delta and wye connected configurations provide significant differences to the 
frequency response. This is clearly presented in [79] where a comparison of frequency responses 
between two similar 230 kV core-form transformers where one is in delta configuration and the 
other one is in wye configuration. In [17] the influence of non-tested windings of the same phase on 
the tested winding is shown. The study which was based on simulations was done by varying the 
capacitive and inductive coupling of the windings in the same phase. However, further investigation 
is required to understand this issue clearly to avoid misinterpretation. This is because one could 
mistakenly assume the response variation is due to the physical damage on the winding where it 
could possibly be due to the influence from other windings. 
 
 
(a) (b) 
Figure 4.5  (a) Three phase transformer with changeable winding configuration used in this study. 
(b) Diagram of all three HV windings. 
The transformer employed in this study was manufactured for experimental purposes. As 
shown in Figure 4.5(a), the transformer has three phases with different HV winding configurations 
on each phase. Left, middle and right phases are referred to as phases A, B and C respectively. 
Throughout this study, only HV windings are considered since the LV windings are not accessible 
for investigation. Phase A winding contains 40 discs and 20 output taps. Each tap is located 
between two discs. These taps can be exploited to create an inter-disc fault by connecting two 
adjacent taps. On the other hand, windings for phases B and C each have two sets of windings 
which are not connected together. However, two taps are available between these two windings as 
shown in Figure 4.5(b) to make a connection for a full winding. Although each of the HV windings 
has different construction which do not represent a practical transformer, the transformer still can be 
used in this study. This is because the main consideration in this investigation is the sensitivity of 
transformer frequency response. However, detail analysis such as measuring the extent of the 
sensitivity is not considered since every winding has different construction. To show the variation 
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between responses due to the different winding construction between phases, FRA measurements 
are conducted. The results from end to end open and short circuit tests are given in Figure 4.6. 
 
Figure 4.6  Measured frequency responses of HV windings of phase A, B and C using end to end 
open and short circuit tests. 
The following sections examine the influence of other windings from different phases on the 
measured winding response. To observe the influence, the configuration of each winding from the 
other phases or the non-tested phases is modified. 
4.4.1 Influence of Other Windings on Winding in Phase A 
As mentioned earlier, HV windings of phases B and C are individual and can be separated into 
two sections or connected for a full winding. With this option, the influence of the winding 
configuration on the measured winding response of phase A is investigated. Open and short circuit 
tests are performed on the HV winding of phase A. Four measurements are obtained with windings 
B and C in normal and separated conditions. The results are given in Figure 4.7. 
 
Figure 4.7  Comparison between responses of open and short circuit tests on the influence of 
windings B and C on winding A. 
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From Figure 4.7, there is a slight variation between two open circuit responses between 1 kHz 
and 10 kHz. It appears that the response in this region was shifted slightly toward higher 
frequencies when phase B and C windings are not as a full winding. This clearly indicates that the 
winding response could be affected by the winding condition of other phases. This is an interesting 
finding as it has not been reported before. To further investigate this, two additional responses are 
measured. First is with winding B in normal condition while winding C is separated and second is 
vice versa. Results are given in Figure 4.8. By comparing all responses in the region 1 kHz to 10 
kHz, it can be noticed that the condition of winding C does not impose any effect on the response of 
winding A. This is because when winding B is in normal condition while winding C is normal or 
separated, both situations have similar responses. It is only when winding B is changed from normal 
to separated that the response is affected. This finding indicates that the response variation is due to 
the mutual inductance between phase A and B windings. The magnetic field generated from phase 
A winding which is energised by the FRA equipment induces electromagnetic forces into phase B 
winding. Therefore, the condition of winding B could influence the measurement on winding A. On 
the other hand, due to high reluctance which has restricted the flux to travel through limb of phase 
C, the condition of phase C winding could not clearly affect the measurement. 
 
Figure 4.8  Influence of HV winding arrangement of phases B and C on winding phase A. 
Examining again the response variation, the shifting of response slightly towards higher 
frequencies suggests that mutual inductance is reduced due to the separated winding B. This could 
also be explained by the equation of mutual inductance between windings A and B, MA,B as shown 
in (4.1). Here, L is the self-inductance of the winding. μ and A are the permeability and cross-
sectional area of the core. l and N are the length and number of turns of the winding respectively. 
When winding B is separated, the mutual inductance is now between winding A, winding B1 and 
winding B2, MA,B1,B2 where B1 and B2 are the top and bottom sections of the separated winding B. 
The equation of the mutual inductance is as (4.2). Here, lB1 = lB2 = lB/2 and NB1 = NB2 = NB/2. 
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Therefore, by comparing between MA,B and MA,B1,B2 as shown in (4.3), one could notice that the 
former is higher than the latter. 
On the responses from the short circuit test, we can clearly see from Figure 4.7 that this test is 
not affected by the condition of winding B. This is due to the presence of core magnetizing 
inductance and the mutual inductance between windings has been completely removed by short 
circuiting the LV winding of phase A. 
4.4.2 The Influence between Phase B and C Windings 
As in the previous section, a similar investigation is performed on phase B winding. End to end 
open and short circuit tests are conducted on winding B while the winding configuration of phase C 
is modified. Results from the measurement are presented in Figure 4.9. By comparing both open 
circuit responses, winding configuration of phase C can influence winding response of phase B as 
expected. A divided phase C winding has caused the response between 1 kHz and 2 kHz to be 
slightly shifted in frequency due to the reduced mutual inductance. In the case of the short circuit 
test, the responses showed an agreement with the previous finding that the test was not affected by 
the winding mutual inductance. A similar procedure was performed on phase C winding with the 
winding configuration of phase B altered. As shown in Figure 4.10, the outcome from this work 
verified the previous findings. Table 4.4 is prepared based on findings in this investigation. 
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Figure 4.9  Comparison between responses of end to end open and short circuit tests on the 
influence of phase C winding on phase B winding response. 
 
Figure 4.10  Comparison between responses of end to end open and short circuit tests on the 
influence of phase B winding on phase C winding response. 
Table 4.4  Factors influencing the open and short circuit test responses. 
Frequency (Hz) Open circuit Short circuit 
20 to 1k 
Core influence is present. 
Negative slope region. 
Core influence is absent. 
Constant magnitude region. 
1k to 10k 
Core magnetic reluctance path. 
Winding leakage inductance. 
Mutual inductance with adjacent winding. 
First anti-resonance and resonance appeared 
on the response. 
Winding leakage inductance. 
Mutual inductance is absent. 
Negative slope region. 
10k to 100k - 
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4.5 The Influence of Tap Changer on the Frequency Response 
In this section, the sensitivity of transformer frequency response due to the variation of tap 
changer position is investigated. In practical FRA application, it is advised that the tap changer is 
set to the full position so the entire windings are included. This is to avoid any faulty section of the 
winding being accidentally left out from the measurement. Additionally, when comparing two 
responses, both are required to have the same tap setting in order to have a correct analysis. There 
are several literatures which have briefly discussed regarding the FRA on tap changer such as [19, 
23, 80]. However, thorough investigation on how tap settings could influence the frequency 
response is still required. Therefore the study in this section presents a discussion on which 
frequency region in the transformer response can be affected by the tap changer position. With this 
vital understanding, one could anticipate if the tap changer encountered a problem from observing 
the frequency response. To perform this study, a three phase distribution transformer rated at 
10.5/.450 kV and 100 kVA with no-load tap changer is used as the test subject. The transformer as 
shown in Figure 4.11 was manufactured by Crompton Parkinson Australia in 1982. It has been 
decommissioned and currently located at the laboratory for research purposes. The winding 
configuration is given in Figure 4.12 while the tap changer setting is provided in Table 4.5. The 
table shows that the tap changer can provide up to ±5% variation on the LV from the rated voltage 
of 415 V. Although the tap changer is connected at the HV winding, it is the LV winding voltage 
that is varied. This is because the voltage ratings given in the table are the terminal voltage. 
 
Figure 4.11  100 kVA three phase power transformer with tap changer. 
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(a) (b) 
Figure 4.12  (a) Winding configuration of the transformer. (b) Tap contact or switch position. 
Table 4.5  Tap changer position and voltage rating. 
Switch 
position, SW 
Join Taps HV LV 
Percentage of LV different from the 
rated voltage, |∆LV| (%) 
1 2-7 10500 436 5.1 
2 6-2 10500 426 2.7 
3 3-6 10500 415 0 
4 5-3 10500 405 2.4 
5 4-5 10500 395 4.8 
 
Five tests are conducted where each test contains five measurements for each of the tap changer 
positions. These tests are open and short circuit tests on the HV and LV windings and the inductive 
inter-winding test. 
4.5.1 End to end Open and Short Circuit Tests on HV Winding 
The end to end open circuit test on the HV winding is performed for the first test. The 
measured responses are illustrated in Figure 4.13. From Figure 4.13, one can clearly notice that the 
variation in tap changer setting influences the frequency response in low and mid frequency 
regions. The variation of response in the low frequency region (20 Hz to 3 kHz) is due to the 
affected winding inductance from changing the tap connection. As the number of connected turns 
increases from the switch position, SW 1 to 5, the winding inductance increases. This is apparent 
from the left inset in which the plot increases in magnitude. On the other hand, the response 
variation in the mid frequency region as can be seen in the right inset is due to the total winding 
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capacitance. Again, as the switch position increases from SW 1 to 5, the total winding capacitance 
decreases. 
 
Figure 4.13  Measured responses of HV winding using end to end open circuit test with five 
different tap switch positions. 
The end to end short circuit test is also conducted and the measured responses are given in 
Figure 4.14. Figure 4.14 shows that the tap setting also influences the short circuit test. The 
variation on the low (left inset) and mid (right inset) frequency responses as in the open test again 
can be observed here. 
 
Figure 4.14  Measured responses of HV winding using end to end short circuit test with five 
different tap positions. 
4.5.2 End to end Open Circuit Tests on LV Winding 
It is also interesting to investigate whether the setting of tap changer which is connected to the 
HV winding could influence the response of the LV winding. For that reason, the end to end open 
circuit test on the LV winding is conducted and the results are given in Figure 4.15. Apparent 
variation can be seen on the response between 1 kHz and 10 kHz. The variation occurred on the 
positive slope of the response and not on the negative slope as in the previous test. Although 
L increase C decrease 
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positive normally indicates a capacitive trend, in this case it is not due to the winding capacitance. 
Instead, it is the mutual inductance between HV and LV windings which has been affected by 
switching the tap changer. The changes of mutual inductance due to the change in the number of 
turn in the adjacent winding will affect the positive slope of the low frequency response. This is 
evident as presented in section 4.4 where due to the changes on the winding of an adjacent phase, it 
affects the measured winding response. On the other hand, if the changes are on the measured 
winding, the affected frequency region is on the negative slope. This is presented in the previous 
section for open and short circuit tests on the HV winding. As shown in Figure 4.15, as the switch 
position varies from SW 1 to 5, the mutual inductance increases thus shifting the positive slope 
response towards lower frequencies. 
 
Figure 4.15  Measured responses of LV winding using end to end open circuit test with five 
different tap positions. 
4.5.3 Inductive Inter-winding Test 
The third test conducted on this transformer is the inductive inter-winding test which is rarely 
discussed in the literature. However, it has been mentioned in [7] that the transformer turns ratio 
determines the low frequency response of the inductive inter-winding test. The measured responses 
from this test for 5 tap positions are given in Figure 4.16. In this test, the low frequency response is 
governed by the winding resistance which is indicated by the constant magnitude plot. From the 
figure, this region is present from 20 Hz to about 10 kHz. Looking at the top inset, it can be noticed 
that as the tap setting changes from SW 1 to 5, the response magnitude decreases. This suggests that 
the resistance is increasing which is true since the number of connected turns increases as the tap 
changes. Since the winding turns ratio governs the low frequency response, this relationship is 
demonstrated by using the difference between two tap positions. The difference between two turn 
ratios, ∆Tr is computed based on the voltages of the HV and LV windings. The difference between 
L increase 
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two voltage ratios, ∆Vr is taken from the response at 100 Hz. Examples are given in (4.4) and (4.5). 
All computed values are presented in Table 4.6. The table shows that ∆Tr and ∆Vr produce 
considerably similar values (±5%) confirming the relationship between the winding turns ratio and 
the low frequency response of this test. Additionally, it is common that the full tap range is ±5% as 
mentioned in [81] or ±10% as mentioned in [28]. 
 
Figure 4.16  Measured responses using inductive inter-winding test with five different tap positions. 
Table 4.6  The similarity between the changes of low frequency response and the changes of 
winding turn ratio. 
Switch 
Position 
Join 
Taps 
HV 
Volts 
LV 
Volts 
Turn ratio, 
Tr 
(LV/HV) 
∆Tr with 
respect to 
SW3 (%) 
Vr = Vout/Vin 
taken 
at 100 Hz 
∆Vr with 
respect to 
SW3 (%) 
1 2-7 10500 436 0.0415 ∆Tr13 = 5.1 0.0240 ∆Vr13 = 5.3 
2 6-2 10500 426 0.0406 ∆Tr23 = 2.7 0.0233 ∆Vr23 = 2.6 
3 3-6 10500 415 0.0395 0 0.0228 0 
4 5-3 10500 405 0.0386 ∆Tr43 = -2.4 0.0222 ∆Vr43 = -2.4 
5 4-5 10500 395 0.0376 ∆Tr53 = -4.8 0.0217 ∆Vr53 = -4.8 
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For the high frequency response, it is also affected by the tap changer position as clearly shown 
in the bottom inset in Figure 4.16. The inset shows the main anti-resonance of the response which is 
shifting towards lower frequencies as the tap position changes from SW1 to SW5. This is primarily 
due to the increasing of winding inductance. 
Finally, all studies on the sensitivity of the transformer frequency response on the tap changer 
position are summarized in Table 4.7. This could provide a general overview of the factors that 
could influence the response. 
Table 4.7  Factors influencing the open circuit, short circuit and inductive inter-winding test 
responses from the tap changer position. 
Test Configuration Frequency (Hz) Factors and indication 
Open circuit on HV 
20 to 3k 
Self-inductance of the HV winding. 
Negative slope at low frequency region. 
60k to 200k 
HV winding capacitance. 
Positive slope at high frequency region. 
Short circuit on HV 
20 to 30k 
Self-inductance of the HV winding. 
Negative slope at low and mid frequency regions. 
60k to 200k 
HV winding capacitance. 
Positive slope at high frequency region. 
Open circuit on LV 1k to 10k 
Mutual inductance between HV and LV windings. 
Positive slope at mid frequency region. 
Due to changes in HV (adjacent) winding. 
Inductive inter-
winding 
20 to 10k 
Winding resistance of the HV winding. 
Constant magnitude at low and mid frequency regions. 
100k to 400k 
Inductance of the HV winding. 
Main anti-resonance of the response at high frequency 
region. 
4.6 Summary 
This chapter presents the investigation on various issues on the sensitivity of FRA. Although it 
is known that FRA is sensitive towards the transformer components in general, several other aspects 
which could also influence the response are still not completely understood. The studies presented 
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in this chapter attempt to address some of the issues, the findings obtained should provide a better 
understanding when measuring or analysing the frequency response. 
As shown in the first part of the study, a slight variation in the construction of the winding 
could actually give a considerably large effect on the winding response. With this finding, one 
should not consider using an almost identical transformer to use its response as the baseline 
response. 
The second part of the study which showed two forms of winding damage on three different 
windings is also important for an FRA user to address, that similar damage may not produce similar 
changes on the response for different windings. However, it was shown that for a similar type of 
winding arrangement, the pattern of the changes on the response is similar. This implies that one 
could use this concept to identify the form of winding damage providing the winding arrangement 
is known. Additionally, three statistical indicators were applied to measure the difference between 
two frequency responses. The findings show that although all windings suffered similar forms of 
damage, each of the indicators could not give a consistent result as each winding has a different 
value. Moreover, two of them which are CC and CSD always show contradicting results. 
On a different issue, the third part of this chapter showed that the winding condition of an 
adjacent phase could actually influence the measured winding response. This is mainly due to the 
mutual inductance between these windings. However, this only applies to the end to end open 
circuit test as the short circuit test did not show any effect. Nevertheless, this finding gives crucial 
information when analysing the response as the changes in the response could reflect the tested 
winding is in good condition whereas the adjacent winding is not. 
The last part of the chapter presented a response sensitivity study on the transformer tap 
changer. It showed the influence of tap changer settings on the end to end open and short circuit 
tests and also on the inductive inter-winding test. The tap changer which connected to the HV 
winding definitely influences the HV winding response. However, the study also proved that the 
device could also influence the LV winding response due to the mutual coupling between windings. 
By varying the setting, the frequency region on the response which was governed by the tap 
changer can be observed. Additionally, on the inductive inter-winding test the calculation presented 
indicates that the low frequency response can be used to compute the percentage of change of the 
winding turns ratio. Nevertheless, this is also available from the transformer name plate itself.  
In the following chapter, the investigation on the transformer frequency response on the 
condition of a faulty winding is presented. Further explanation on the methodology used to 
represent the winding damage on the simulated frequency response is also included. 
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Chapter 5 
5 Developing Interpretation Method for Analysing Faulty 
Winding Response 
5.1 Introduction 
A comprehensive method to interpret the frequency response of a power transformer is still not 
available. Users have to rely on an expert who has extensive experience in order to obtain a simple 
and clear result on the transformer status. Although several standards or brochures have been 
published such as the CIGRE [7], IEC [31] and IEEE [32], these mainly provide guidelines for the 
measurement and collection of a few examples. It would be beneficial if a simple diagnosis method 
such as the Duval triangle for the dissolved gas analysis test can be developed for FRA. There are 
numerous studies conducted to understand the characteristics of FRA, especially on mechanical 
failure in the winding. Some of these studies also proposed methods to interpret the frequency 
response to determine the type of fault or even the extent of the fault. Generally from the literature, 
the interpretation method can be categorized as either a statistical or non-statistical approach. 
Using statistical indicators to analyse frequency response is the most common and fairly simple 
method. The indicator is used to measure the difference between two responses. This was presented 
in the previous chapter in the second study. For the non-statistical approach, it uses the transfer 
function of the winding for the analysis, which is represented in the form of the pole and zero plots 
or the Nyquist plot. 
In this chapter, the analysis applied for examining the frequency response of mechanically 
faulted winding is presented. The study is based on simulation where the winding deformation is 
represented by changing the electrical parameters. Both statistical and non-statistical analyses are 
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used and evaluated. The study presented in this chapter is also available in author’s paper in [82-
84]. 
5.1.1 Statistical Analysis 
A discussion has been presented in Chapter 2 regarding the use of statistical indicators to 
measure the variation between two responses. Here, two indicators are chosen to be implemented in 
this chapter which are CC and ASLE. CC basically measures the similarity of the shape, trend or 
movement of two responses. In several literatures it has been reported that consistency of CC for 
identifying damaged windings is relatively high. Therefore, some utilities even adapt this as their 
main indicator to estimate the transformer’s mechanical condition. However, CC has a drawback 
where it could not see any difference between two lines (responses) having similar slope but located 
at different magnitude. This is where ASLE is useful where it measures the magnitude difference 
between two points in the same frequency. It will indicate a certain amount of disagreement due to 
difference in magnitude. Therefore, the complementary features of these two parameters are well 
suited for identifying the changes in frequency response. Other commonly mentioned parameters in 
the literature are standard deviation (SD) and root mean square error (RMSE). As mentioned in 
[36], these parameters underestimate the variation of response at low magnitudes. 
Table 5.1 Frequency response sensitivity according to sub-band [42]. 
Frequency 
sub-band 
Component Influencing factors 
< 2 kHz 
Main core 
Winding inductance 
Core deformation, open circuits, shorted turns 
and residual magnetism 
2 kHz – 
20 kHz 
Bulk component 
Shunt impedance 
Bulk winding movement between windings 
and clamping structure 
20 kHz – 
400 kHz 
Main windings Deformation within the main or tap windings 
400 kHz – 
1 MHz 
Main windings 
Tap windings 
Internal leads 
Movement of the main and tap windings, 
ground impedances variations 
 
In order to implement the statistical indicator for evaluating the transformer condition, one 
approach is to compute the value according to the sub-band frequency of the response. As suggested 
in [42], the winding frequency response can be separated into four different frequency sub-bands as 
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each of them is influenced by specific transformer components and failures. By dividing the wide 
frequency band of the winding response into four sections, we can narrow down which transformer 
component probably suffers deformation. This is given in Table 5.1 [42]. However, the frequency 
sub-bands provided in the table only serve as a general idea of the frequency range. Depending on 
the response of each transformer, these sub-bands will vary. 
5.1.1.1 Benchmark Limits 
Reference [42] provided three benchmark limits for CC which will give an estimation on the 
winding condition. As shown in Table 5.2, these limits were established by Doble Engineering 
based on experience analysing various cases. The limits are dependent on which winding is taken as 
the baseline response for comparison. If the comparison is made between responses of the same 
winding, the limits are much higher as it is expected that both should be identical. On the other 
hand, if the comparison is made using responses from other phases or a sister unit, the limits are 
slightly lower to allow a small tolerance. 
Table 5.2 CC benchmark limits [42]. 
Estimated condition 
Correlation Coefficient 
Similar winding Other phases or sister unit 
Good 0.98 – 1.00 0.95 – 1.00 
Marginal 0.96 – 0.97 0.90 – 0.94 
Investigate < 0.96 < 0.90 
 
5.1.2 Other Proposed Methods for Analysing Winding Response 
Besides using statistical indicators to analyse the frequency response of a winding, there are 
other methods available in the literature, which propose using the transfer function to obtain more 
information regarding the transformer condition. In fact, this approach was recommended by 
CIGRE in [7] where by representing the response in the form of a transfer function, this could 
facilitate assisted interpretation algorithm. Therefore, initially the transfer function itself needs to be 
estimated using a suitable algorithm. This is presented in the following section. 
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5.1.2.1 Vector Fitting 
Vector fitting is an algorithm for estimating transfer function from the magnitude and phase 
plots which was developed by Gustaven and Semlyen in [85]. The estimated transfer function will 
be a rational function in the form of a sum of partial fractions as (5.1). The algorithm employs an 
iterative approach where the poles of the rational function will be relocated every repetition until 
the desired accuracy has been achieved. 
In this application, the criterion for the algorithm to stop the iteration is based on the root mean 
square error (RMSE) between the reference and the estimated plots. This may also be called the 
quality of the approximation. If the algorithm can achieve very low RMSE, the estimated rational 
function has a good quality. For the algorithm to stop, a good initial estimation of the number of 
starting poles, N is required. This is because the poles are related to the resonances in the frequency 
response. Having very little poles will not produce an accurate transfer function whereas 
overestimating will be unnecessary. 
Where:  N = number of starting poles in pair 
  cn = residues 
  an = poles 
d and e = real coefficients 
Regarding estimating the number of starting poles, [86] suggested that a rough estimation can 
be performed based on the idea that every pole creates a local resonance peak in the response. 
Therefore, the approach is to divide the whole response into several segments according to the local 
minima. Afterwards, the vector fitting algorithm is performed on each segment of the response 
using two starting poles (minimum pole required for the algorithm). For each segment of the 
response, if the algorithm does not converge to a given requirement, it will repeat with the amount 
of starting poles increased by another two. Using this approach, a suitable number of poles for the 
whole frequency response can be determined. 
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In this chapter, a simpler approach for estimating the number of starting poles is proposed. 
Initially, the vector fitting algorithm is executed using only two starting poles with the iteration 
limit set at a pre-set value (such as 10). The loop termination criteria is the RMSE between the 
estimated response and the reference response is less than a pre-set value (such as 0.001). If the 
algorithm could not obtain the required RMSE until it reached the maximum pre-set iteration, the 
amount of starting poles will be increased by two and the whole procedure is repeated. However, to 
increase the speed of the algorithm, an additional control is included within the loop. If the RMSE 
of the i-th iteration is similar with the RMSE of the previous two iterations, it will break the loop, 
increase the number of starting poles by two and run the algorithm again. This is because in certain 
situations, relocating the poles for several iterations will still not improve the estimated response. 
Once the RMSE has reached the desired value, the algorithm will stop and the final amount of poles 
is recorded. To visually explain the process, a flowchart of the proposed approach is illustrated in 
Figure 5.1. The algorithm can be used to obtain the transfer function of a frequency response. By 
having the transfer function, further analysis on the transformer can be explored. 
 
 
Figure 5.1  Flowchart for the modified vector fitting algorithm. 
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5.1.2.2 Pole-Zero Mapping and Nyquist Plot Analysis 
With the transfer function of the response, there have been few works to implement the pole-
zero plot for analysing the response. Reference [47] presented a methodology of using the pole-zero 
plot to analyse the axial displacement of the winding. It showed that the plot with the support of an 
additional index can be used to determine the extent of the winding damage. On the other hand, [49] 
also used the plot to analyse radial displacement of the winding. The reference also proposed an 
index, referred to as Faulted-Intact relation index to obtain the damage extent. 
In addition to the pole-zero plot, the Nyquist diagram has also been implemented to assess its 
applicability for analysing transformer frequency response. It is believed that this approach was 
initially proposed in [51]. The reference demonstrated that by examining the shape of the plot, the 
location of radial damage in the winding can be determined. On plotting the frequency response in 
the form of Nyquist diagram, it is not essential that the transfer function be obtained first. This is 
because the magnitude and phase of the response can be converted into real and imaginary values 
such as (5.2). TFi is the transfer function of the response at frequency i. Mi and θi are the magnitude 
and phase of the response at frequency i. 
In the following section, both pole and Nyquist plots are implemented to examine their 
suitability in analysing the response for different winding failure modes. 
5.2 Inter-disc Fault on the HV Winding 
In this study, the laboratory transformer, which was presented in the previous chapter is 
employed. The HV winding is used to simulate the inter-disc fault by utilizing the output tap which 
is available at every two discs along the winding. Two taps are connected to simulate a short circuit 
fault between two adjacent discs. The frequency responses of the winding at normal and faulty 
conditions are measured for comparison. For the measurement configuration, the end to end short 
circuit test is used. The reason for selecting this configuration is to avoid the influence of the 
transformer core in the measurement since it is not related to the fault. 11 measurements are 
performed on the winding consisting of one measurement at normal winding condition and 10 
measurements at 10 different fault locations. The fault locations are listed in Table 5.3. Each fault is 
labelled to help in easily identifying the winding location. The winding has 40 interleaved discs and 
i i i i i
TF M cos jM sin    (5.2) 
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in the table, 1 and 40 are considered the first and last discs from the top to bottom of the winding 
respectively. 
Table 5.3 Inter-disc fault location on the winding. 
Fault between discs Winding label 
1 – 2 Top 1 
5 – 6 Top 2 
9 – 10 Top 3 
13 – 14 Top 4 
17 – 18 Top 5 
23 – 24 Bottom 5 
27 – 28 Bottom 4 
31 – 32 Bottom 3 
35 – 36 Bottom 2 
39 – 40 Bottom 1 
 
To present the results, all measured responses are divided into two figures. Figure 5.2(a) shows 
the FRA measurements of normal and faulted conditions where the fault is in the top half of the 
windings. Figure 5.2(b) shows the FRA measurements of normal and faulted conditions where the 
fault is in the bottom half of the windings. In both figures, each response has a constant magnitude 
of almost 0 dB in the low frequency region from 20 Hz to 1 kHz.  The magnitude is not completely 
0 dB since the influence of winding resistance exists in this region. However, other elements such 
as the winding inductance and capacitance are not present. 
As the frequency increases, the response begins to show a negative slope from 1 kHz to 100 
kHz. This is due to the leakage inductance of the winding, which dominates the response at medium 
frequencies. Since the measurement is performed using end to end short circuit configuration, the 
influence of magnetizing inductance from the core is excluded. 
By observing the inset in Figure 5.2, it shows that the response of faulted winding has higher 
magnitude than the normal winding response. This is the result from the reduction of the leakage 
inductance of the winding due to the inter-disc fault. In addition to that, as the fault moves towards 
the centre of the winding, the magnitude of the response increases further. This implies that the 
reduction of the leakage inductance is higher if the fault occurs closer to the winding centre. 
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(a) 
 
(b) 
Figure 5.2  Comparison of FRA measurements of normal and faulted conditions.  
(a) For faults in top half. (b) For faults in bottom half [82]. 
In the high frequency region, a dominant anti-resonance where the response reaches the lowest 
magnitude can be noticed between 100 kHz and 1 MHz. The anti-resonance occurs when the 
impedance of the winding becomes highest at a particular frequency. This incident is caused by the 
parallel combination between the inductance and capacitance of the winding. As the frequency 
increases, the magnitude of the response also increases thus producing a positive slope from about 
800 kHz and above. The response in this region is primarily governed by the capacitance of the 
winding. 
Comparing all responses in the figure, close similarities exist between faults at the top and 
bottom winding. For example, fault at top 1 has the same response as fault at bottom 1. This is due 
to the symmetry of the fault location in the winding. For example top 1 and bottom 1 faults are 
located close to the end terminal of the top and bottom windings respectively. Additionally, this 
condition was also reported in [13]. 
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5.2.1 Statistical Analysis on the Measured Response 
By observing the response, four sub-bands are defined according to which element influences a 
region in the response. The computed CC and ASLE for every sub-band is recorded in Table 5.4. 
The first frequency sub-band is chosen from 20 Hz to 1 kHz where the region shows a constant 
magnitude. All CCs for this sub-band are 1.00 which indicates that there is no variation between the 
two compared responses. On the other hand, the ASLEs are able to identify a slight variation by 
showing values below 0.13. The second frequency sub-band covers the negative slope from 1 kHz 
to 100 kHz. Even though the inter-disc fault has altered the effective inductance, all CCs for this 
sub-band are 1.00. This could lead to a misinterpretation since there is a small variation between 
responses. The ASLE is able to measure the variation where the highest value is 1.60. The third 
frequency sub-band is from 100 kHz to 1 MHz. For this sub-band, the lowest computed CC is 0.60 
when the fault is located at top 2 whereas the highest CC is 0.95 when the fault is located at top 5 
and bottom 4. For the ASLE, it shows the highest and lowest values at 5.80 and 2.41 respectively. 
The fourth frequency sub-band is from 1 MHz to 2 MHz which is influenced by the winding 
capacitance. All CCs in this sub-band showed values of more than 0.98 which is considerably high 
indicating a good correlation. This is also agreed by the ASLE where all values are less than 1.0 
except for fault at top 1 which is 1.18. 
Table 5.4 CC and ASLE according to frequency sub-band. 
Frequency 
sub-band (Hz) 
Top Winding 
CC ASLE 
1 2 3 4 5 1 2 3 4 5 
20 – 1 k 1.00 1.00 1.00 1.00 1.00 0.03 0.05 0.07 0.10 0.12 
1 k – 100 k 1.00 1.00 1.00 1.00 1.00 0.30 0.56 0.84 1.17 1.45 
100 k – 1 M 0.86 0.60 0.93 0.94 0.95 3.46 5.80 2.60 2.57 2.57 
1 M – 2 M 0.99 0.99 0.98 1.00 0.99 1.18 0.65 0.68 0.59 0.60 
Frequency 
sub-band (Hz) 
Bottom Winding 
CC ASLE 
1 2 3 4 5 1 2 3 4 5 
20 – 1 k 1.00 1.00 1.00 1.00 1.00 0.09 0.11 0.12 0.12 0.12 
1 k – 100 k 1.00 1.00 1.00 1.00 1.00 0.69 0.97 1.26 1.49 1.60 
100 k – 1 M 0.61 0.84 0.93 0.95 0.90 5.61 4.06 2.41 2.64 2.75 
1 M – 2 M 0.99 0.99 1.00 1.00 0.99 0.50 0.64 0.57 0.57 0.56 
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The statistical indicators suggest that the third sub-band has the highest variation between 
responses which is also obvious from visual observation. According to the CC benchmark limit in 
Table 5.2, it advises to investigate the transformer since the CC in the third sub-band is below 0.96. 
Additionally, by referring to Table 5.1, the high variation in this frequency region is most likely due 
to damage on the main winding. Overall, the statistical analysis allows for estimation of the 
transformer condition to be made. However, both indicators did not show any trend in the value, 
which can be related to fault location. Therefore, a different approach is required in order to develop 
a method to determine fault location in the winding. 
5.2.2 Pole Plot Analysis 
In this section, the pole plot is applied to examine if there is a possibility of using the plot to 
determine the fault location. Using the vector fitting algorithm as presented in Figure 5.1, transfer 
functions of all frequency responses are estimated. Appendix C provides an example of the 
estimated transfer function of the response from the normal winding condition. 
 
(a) 
 
(b) 
Figure 5.3  Pole plot of normal and faulted conditions.  
(a) For fault in top half. (b) For fault in bottom half [82]. 
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All poles from the transfer function of normal and top faulted winding conditions are plotted in 
Figure 5.3(a). By carefully observing the figure, there is no particular trend on the poles as the fault 
shifts from top 1 to top 5. This appears to be similar for bottom faulted winding conditions as 
shown in Figure 5.3(b). Therefore one could conclude that pole plot analysis is not a suitable 
approach to analyse this failure mode. 
5.2.3 Nyquist Plot Analysis 
The transfer function is initially in s-domain, it is then converted into the frequency domain and 
its value is computed for several frequency points from 20 Hz to 2 MHz. Each computed value is 
plotted in X-Y axis. X axis and Y axis are for the real and imaginary values of the transfer function 
respectively. All transfer functions are plotted on the Nyquist diagram in Figure 5.4 for top and 
bottom faulted windings. 
 
(a) 
 
(b) 
Figure 5.4  Nyquist plots of normal and faulted conditions.  
(a) For fault in top half. (b) For fault in bottom half [82]. 
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In Figure 5.4, each transfer function produced a semi-circle plot. On the inset, it can be 
observed that as the location of the fault moves from top 1 to top 5, the imaginary value of the 
corresponding plot is increased. As has been explained earlier, each point on the Nyquist plot is the 
real and imaginary values of the transfer function at a particular frequency. The curvature of the 
plot where it reaches the lowest imaginary value actually corresponds to the transfer function in the 
medium frequency region which is influenced by the inductance. 
All minimum imaginary values from each plot in Figure 5.4 are recorded in Table 5.5 for 
developing an automated scheme to locate an inter-disc fault. An indicator termed as the absolute 
imaginary difference, |∆Immin| is introduced to compare the minimum imaginary value between the 
normal and faulted winding plots. From Table 5.5, a linear relationship can be observed between the 
absolute difference and the fault location. As the location of the fault moves from the end to the 
centre of the winding, the absolute difference increases. 
Table 5.5  Minimum imaginary value and absolute imaginary difference for  
top and bottom winding [82]. 
 Normal Top 1 Top 2 Top 3 Top 4 Top 5 
Minimum imaginary -0.456 -0.453 -0.451 -0.448 -0.445 -0.443 
Absolute difference 0 0.003 0.006 0.008 0.012 0.014 
FLI 0 0.1 0.3 0.5 0.7 0.9 
 Normal Bottom 1 Bottom 2 Bottom 3 Bottom 4 Bottom 5 
Minimum imaginary -0.456 -0.454 -0.451 -0.447 -0.444 -0.442 
Absolute difference 0 0.002 0.006 0.009 0.012 0.014 
FLI 0 0.1 0.3 0.5 0.7 0.9 
 
With this relationship, two equations for the top and bottom of the winding can be constructed. 
To generate these equations, a fault location index (FLI) is introduced as an indicator of the fault 
location. For a normal winding condition, the index is 0. If the fault is located between disc 1 and 2 
or at the 1
st
 pair of discs from the top end of the winding, the index is 0.1. Similarly for the fault 
located between disc 39 and 40 or at the 1
st
 pair of discs from the bottom end of the winding, the 
index is 0.1. For index 1.0, the fault is at the pair of discs which is at the winding centre. Equations 
(5.3) and (5.4) represent the linear relationship between the fault location index and the absolute 
imaginary difference for the top and bottom portions of the winding respectively. 
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48 9 10
0 0147
min
top winding
Im .
FLI
.
  
  (5.3) 
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6 7 10
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min
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Im .
FLI
.
  
  (5.4) 
47 8 10
0 0154
min
average
Im .
FLI
.
  
  (5.5) 
As shown in Figure 5.5, by plotting (5.3) and (5.4), it can be noticed that these two lines are 
almost identical. Therefore, an average line is computed as (5.5) which represent both the top and 
bottom winding sections. With this equation, the location of the fault between the end and the centre 
of the winding can be determined. However, it is important to mention that with the equation, the 
fault can still be either at the top or bottom half of the winding. 
 
Figure 5.5  Linear relationship between the absolute difference and the fault location index. 
5.3 Analysis on the Simulated Response 
In this section, three investigations based on simulated responses are presented. The presented 
studies examine the tilting and axial bending of conductors. For each case, six frequency responses 
are simulated for the winding at normal and five degrees of damage (i.e. 10%, 20%, 30%, 40% and 
50% of winding damaged). 
As in the previous case, a visual analysis is performed followed by statistical analysis to 
measure the response variation. CC and ASLE are computed within a certain frequency region. The 
frequency region is selected based on the factor which dominated that region. To be more precise, 
the high frequency region is selected in this study since it is mainly influenced by the main winding 
condition [31]. The performance of both indicators on the studied winding deformation is compared 
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as the damage increases from 10% to 50%. Additionally, the CC benchmark is also employed to 
verify its usefulness as proposed by [42]. Finally, each frequency response is transformed into 
Nyquist plot to analyse the percentage of winding damage. The pole plot analysis is not considered 
in the following studies since it was found earlier that it is not applicable for all winding failure 
modes. 
5.3.1 Tilting of Conductors on an Interleaved Winding 
This study investigates the frequency response of a winding in which some of the conductors 
are tilted. The winding was chosen from the interleaved HV winding of the experimental 
transformer which was used in the model validation in the earlier chapter. To simulate the normal 
and deformed winding responses, the electrical parameters of the winding need to be computed. 
This is presented in the following section. 
5.3.1.1 Winding Electrical Parameters due to Deformation 
To simulate the damage the affected conductors are assumed to be tilted at 20° angle. This 
assumption is made based on an actual case presented in [7]. The inter-turn Ct, inter-disc Cd and 
ground Cg capacitances are affected since the defect changes the original structure of the winding. 
Based on the winding geometry, all capacitances of the winding in normal and deformed conditions 
are obtained using the finite element method (FEM). An example of FEM for computing the inter-
turn capacitance is shown in Figure 5.6. The figure shows the cross-section of two adjacent turns in 
normal and tilted condition. These were modelled in 2D with axisymmetric thus represent the 
circular shape of the turn if seen from the top. All capacitances are provided in Table 5.6. 
  
(a) (b) 
Figure 5.6  FEM to compute the inter-turn capacitance, Ct.  
(a) Conductors in normal condition. (b) Conductors tilted. 
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Additionally, the table also includes the capacitances obtained from an analytical equation to 
provide comparison [84]. Values from both methods were shown to be considerably similar. In 
Table 5.6, one disc tilted is a condition where only one disc is tilted while the adjacent disc is in a 
normal position. The same concept applies for two discs tilted. 
Table 5.6  Winding capacitance of the winding in normal and deformed conditions. 
Type of 
capacitance 
Condition of 
the conductors 
Calculation method 
FEM (F) Analytical (F) 
Ct 
Normal 2.67×10
-10
 2.65×10
-10
 
Tilted 2.41×10
-10
 2.37×10
-10
 
Cd 
Normal 9.85×10
-12
 9.55×10
-12
 
1 Disc Tilted 8.03×10
-12
 7.61×10
-12
 
2 Discs Tilted 7.72×10
-12
 7.49×10
-12
 
Cg 
Normal 2.30×10
-11
 2.50×10
-11
 
Tilted 1.76×10
-11
 1.89×10
-11
 
 
The skin effect and proximity effect of the conductors are also considered for simulating the 
frequency response. The conductor resistance due to skin effect has been presented in the previous 
chapter. Based on the equation, normal and tilted conductors will have a similar skin resistance 
since the cross-sectional shape of the conductors remains the same. However, even if the shape 
stays the same, the position of conductors (due to tilting) will modify the original magnetic field 
distribution of neighbouring conductors. Consequently, this changes current distribution in the 
conductor which is normally referred to as the proximity effect. 
In order to observe the proximity effect, a simulation is conducted using FEM to compute the 
conductor resistance. The current distribution of a single disc from the winding is studied due to 
skin and proximity effects for normal and tilted disc conditions. Results from the FEM are shown in 
Figure 5.7. From both figures, it can be noticed that the current density is higher (indicated by the 
red colour) when closer to the conductor surface. Additionally, due to the conductors being tilted, 
the current distribution is now slightly different compared to when the conductors were in a normal 
position. The resistance for conductor numbers 1 and 3 at normal and tilted posit ions for various 
frequencies are taken and plotted in Figure 5.8. The figure shows that the resistance increased by 
the factor of square root of frequency, f. However from the comparison, the influence of proximity 
effect on the resistance between two conditions (normal and tilted) is almost negligible. 
Additionally, the resistance is also dependent on the conductor’s location. This is demonstrated by 
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the extremely small differences between resistance of turn 1 and turn 3. Therefore, due to the 
negligible influence of the proximity effect and the complexity to implement the difference of its 
influence on every conductor, this effect is not included in the simulation. 
 
(a) 
 
(b) 
Figure 5.7  FEM on the current distribution on the disc. (a) Disc in normal condition.  
(b) Disc in tilted condition. 
 
Figure 5.8  Conductor resistance due to skin and proximity effects for normal and tilted conditions. 
For the winding inductance, it is assumed to remain the same as the distance between two discs 
is not affected by the damage. With all the winding electrical parameters, the normal and deformed 
winding responses are simulated. 
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5.3.1.2 Simulated Response and Statistical Analysis 
Five deformed winding scenarios are simulated according to the percentage of the winding 
damage. For example, 10% of winding damage refers to 4 out of 40 discs tilted in the winding. 
Results are demonstrated in Figure 5.9. Examining the inset which shows a closer view of the main 
anti-resonance, it appears that due to the deformation, the anti-resonance is shifted to a lower 
frequency with an increase of magnitude. 
 
Figure 5.9  Simulated response of the winding for normal and deformed (conductors tilted) 
conditions. 
CC and ASLE are computed to measure the variation between responses. By observing the 
response, a frequency range from 100 kHz to 1 MHz is selected for the computation. This region is 
chosen due to its sensitivity to the winding damage. The computed statistical indicators are 
provided in Table 5.7. Results given in this table reveal that as the damage increases from 10% to 
50%, ASLE gradually increases from 0.683 to 1.665 and CC decreases from 0.996 to 0.977. This 
initial finding indicates that both indicators are reliable predictors for the severity of winding 
damage. One could also observe that rate of change of ASLE with winding damage is relatively 
higher than that of CC. This indicates that ASLE is more sensitive compared with CC. Furthermore, 
according to the CC benchmark limit, it only suggests ‘marginal’ condition after 50% of the 
winding is damaged. 
Table 5.7  Statistical indicators according to percentage of winding damage on selected frequency 
region (100 kHz to 1 MHz). 
Percentage of winding 
damage, WD 
10 % 20 % 30 % 40 % 50 % 
CC 0.996 0.985 0.985 0.984 0.977 
ASLE 0.683 1.159 1.237 1.382 1.665 
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5.3.1.3 The Nyquist Plot Analysis 
The next step is the analysis which is based on the Nyquist plot. All six transfer functions are 
represented in Nyquist plot as illustrated in Figure 5.10. The inset in the figure shows a closer view 
of all plots where each of them reaches the minimum real value. Technically, this section of the 
Nyquist plot is associated with the high frequency region of the frequency response. Since the 
sensitivity of high frequency response is governed by the winding, any changes in the winding will 
be observable in the corresponding frequency range. Additionally, the complexity in evaluating 
resonances and anti-resonances of the response has been reduced to a simple curve on the Nyquist 
plot. From Figure 5.10, an interesting trend can be observed on the curve where it is shifting 
towards the right side of the plot as the deformation severity increases. With this trend, the 
minimum real value, Remin of every curve is taken as a reference point to measure this movement. 
Essentially, this parameter is dependent on the R, L and C components of the transformer winding 
circuit. Therefore, it will effectively represent any changes on the winding. Consequently, the 
 
Figure 5.10  Nyquist plot of the transfer function for all six conditions. 
 
Figure 5.11  The absolute difference versus the percentage of deformed winding. 
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absolute real difference, |ΔRemin| between minimum real value of normal and damaged winding 
plots are computed. This is the proposed indicator for measuring the severity of winding damage. 
The absolute difference versus the percentage of winding damage (WD) is plotted as shown in 
Figure 5.11. The relationship between two parameters shows a sigmoid pattern as given in (5.6). 
The set relationship can be used to estimate the severity of winding damage from two frequency 
responses. 
3 2(0 00004) (0.0004) (0.0007) 0 0003
min
Re . WD WD WD .       (5.6) 
5.3.2 Tilting of Conductors on a Continuous Winding 
In the following case, a similar failure mode on a different type of winding is investigated. The 
winding is taken from reference [77] and its parameters are available in Table D2 in Appendix D. 
As in the previous approach, the required electrical parameters are computed. The winding 
capacitances of normal and deformed conditions obtained from the FEM are given in Table 5.8. 
With these capacitances, six frequency responses are simulated. 
Table 5.8  Winding capacitance in normal and deformed conditions. 
Type of 
capacitance 
Condition of 
the conductors 
Capacitance (F) 
Ct 
Normal 3.59×10
-10
 
Tilted 3.19×10
-10
 
Cd 
Normal 2.01×10
-11
 
1 Disc Tilted 1.78×10
-11
 
2 Discs Tilted 1.58×10
-11
 
Cg 
Normal 7.54×10
-11
 
Tilted 5.31×10
-11
 
 
5.3.2.1 Simulated Response and Statistical Analysis 
The simulated responses are illustrated in Figure 5.12. In the figure, the typical response shape 
of a continuous disc winding can be observed where it exhibits multiple resonances while the 
magnitude is decreasing with the frequency. This is mainly due to low series capacitance compared 
to the ground capacitance. Looking at both insets, they show a closer view of the first and sixth 
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resonance of all responses. Clearly there is no consistent trend on the shifting of the response 
throughout of all the resonances. The resonance initially shifts toward lower frequencies as damage 
increases but later moves toward higher frequencies. In the case of the variation between responses, 
it is more apparent at higher frequencies as can be seen on the ninth resonance. 
 
Figure 5.12  Simulated responses of the continuous winding for normal and deformed (conductors 
tilted) conditions. 
CC and ASLE are computed and the results are given in Table 5.9. This table shows CC 
consistently decreases from 0.973 to 0.879 as the damage increases from 10% to 50%. On the 
contrary, ASLE has no particular tendency with it decreasing from 1.742 to 1.700 and then 
increasing to 1.801 before reaching 1.800. Even though ASLE is more sensitive towards the 
response variation, in terms of consistency, CC is much better. Based on the CC benchmark limit, it 
suggests that the transformer is in a ‘marginal’ condition when the damage is at 10%. At this 
percentage, the CC is 0.973 while ASLE is 1.742. This is different to the previous case where the 
‘marginal’ condition was indicated at 50% damage. 
Table 5.9  Statistical indicators according to percentage of winding damage on selected frequency 
region (100 kHz to 1 MHz). 
Percentage of winding 
damage, WD 
10 % 20 % 30 % 40 % 50 % 
CC 0.973 0.949 0.920 0.886 0.879 
ASLE 1.742 1.700 1.718 1.801 1.800 
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5.3.2.2 The Nyquist Plot Analysis 
 
Figure 5.13  Nyquist plot of the transfer function for all six conditions. 
Figure 5.13 shows the Nyquist plot of the estimated transfer function of each response. By 
looking at the inset, it illustrates a closer view of each curve where it reaches the minimum real 
value. The minimum real value of each plot is taken to compute the absolute difference, |ΔRemin|. A 
plot representing the relationship between the absolute difference and the percentage of damage, 
WD% is shown in Figure 5.14. The correlation between two parameters is estimated through least 
square fitting and given in (5.7). It demonstrates a sigmoid curve, which is similar to the previous 
case on the same winding failure mode. Again, the set relationship can be used to estimate the 
severity of winding damage from two frequency responses. 
 
Figure 5.14  The absolute difference versus the percentage of deformed winding. 
     3 20 0008 0 0068 0 0061 0 0002minRe . WD . WD . WD .       (5.7) 
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5.3.3 Axial Bending on a Continuous Winding 
In this section, the winding response is studied under the condition where some of the 
conductors are bent. Figure 5.15 is provided to give an illustrative example of the damage. 
 
Figure 5.15  Axial bending of the winding. 
5.3.3.1 Winding Parameters due to Deformation 
By referring to Figure 5.15 one can realize that the deformation affects both winding 
capacitance and inductance. For example, discs between 2 and 5 in the figure are bent downward 
whereas disc 1 and 6 are still in normal condition. The inter-disc capacitance between discs 1 and 2 
is decreased due to an increased insulation gap. The inter-disc capacitance between discs 5 and 6 is 
increased due to a decreased insulation gap. The capacitance between two bent discs is assumed to 
be unchanged since the insulation gaps remain at the same distance. Since this damage only affects 
the inter-disc insulation the inter-turn and ground capacitances remain the same. In the case of 
winding inductance, mutual inductances between disc 1 and each of the bent discs are changed due 
to the increased distance between the discs. This is also the same for between disc 6 and other bent 
discs. The mutual inductance between discs 1 and 6 and the self-inductance of each disc remain the 
same. 
To simulate the frequency response of this failure mode, a winding from reference [75] is used. 
The winding has a continuous arrangement and consists of 60 discs. Its parameter is given in Table 
D4 in Appendix D. For the deformation, it is assumed that the insulation space between a normal 
disc and a bent disc is axially displaced by 50% (increased or decreased) of the original value. With 
this assumption, the inter-turn, inter-disc and ground capacitances are obtained and provided in 
Table 5.10. For inductance, the self and mutual inductances are computed according to equations as 
given in Chapter 3. Mutual inductances are not presented here due to the large volume of data i.e. 
for 60 discs, 1770 different mutual inductances. The self-inductance however is similar for every 
disc. It is given in Table 5.10. 
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Table 5.10  Winding capacitance and self-inductance of each disc in normal and deformed 
conditions. 
Type of 
parameter 
Condition of 
the conductors 
Value 
Ct Normal 7.67×10
-11
 F 
Cd 
Normal 1.74×10
-11
 F 
Bent (+50%) 1.19×10
-11
 F 
Bent (-50%) 3.21×10
-11
 F 
Cg Normal 1.08×10
-11
 F 
L Normal 8.42×10
-5
 H 
5.3.3.2 Simulated Responses and Statistical Analysis 
Six frequency responses due to various winding conditions are simulated. The corresponding 
results are shown in Figure 5.16. There is scarcely any difference between responses at the first 
resonance as shown in the inset. The variation can only be seen at higher frequency response such 
as at the 10
th
 resonance. The frequency response is less sensitive towards this type of damage 
compared to the previous cases since the damage only affects the inter-disc capacitance. Although 
the winding inductance is also affected, this is not visible at high frequency response. 
 
Figure 5.16  Simulated responses of the continuous winding for normal and deformed (axial 
bending) conditions. 
Chapter 5 | Developing Interpretation Method for Analysing Faulty Winding Response 
94 
 
To relate this with a different case, such a situation is also similar to an experimental case 
presented in [87]. It shows that for a winding which suffered a tangential movement, the 
deformation changes the winding reactance thus the frequency response at low region. The changes 
on high frequency response are not clearly visible. 
For the statistical analysis, CC and ASLE are computed and the results are given in Table 5.11. 
This table shows that both indicators are inconsistent with respect to the severity of winding 
damage since they fluctuate as the damage increases from 10% to 50%. All ASLEs are higher than 
1 suggesting it is sensitive to the considered damage. Similarly, CC also shows values below 0.96 
which when referred to the benchmark limit, suggests investigating the winding. This case 
demonstrates that visually, the responses seem to have small variation. However statistically, the 
variation is large to indicate the winding has a problem. One may notice that CC and ASLE have 
identical values in 20% and 40% of winding damage. This is due to rounding adjustment to 3
rd
 
decimal places. However, in terms of the frequency response, inset in Figure 5.16 shows that both 
responses (20% and 40%) are not identical. 
Table 5.11  Statistical indicators according to percentage of winding damage on selected frequency 
region (100 kHz to 1 MHz). 
Percentage of winding 
damage, WD 
10 % 20 % 30 % 40 % 50 % 
CC 0.951 0.934 0.950 0.934 0.948 
ASLE 1.128 1.274 1.134 1.274 1.187 
5.3.3.3 The Nyquist Plot Analysis 
 
Figure 5.17  Nyquist plot of the transfer function for all six conditions. 
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For the following step, all responses are presented in Nyquist plot as illustrated in Figure 5.17. 
The figure shows that the curve where it reaches the minimum real value moves towards the left 
side of the plot when the deformation occurs. The absolute difference is plotted against the 
percentage of winding deformation and presented in Figure 5.18. The correlation between two 
parameters is estimated through least square fitting and given in (5.8). As can be seen, the 
relationship exhibits a parabolic curve. This is different from the previous two cases where a 
sigmoid curve was observed on both. 
 
Figure 5.18  The absolute difference versus the percentage of deformed winding. 
2(0.0002) (0.0018) 0 0016
min
Re WD WD .     (5.8) 
5.4 Summary 
A comprehensive FRA interpretation scheme can be helpful for a user to estimate the condition 
of a power transformer. It is however currently being explored as several research papers have 
offered their methodologies. In this chapter, the proposed methodology utilized two main steps 
which are the statistical analysis and the Nyquist plot analysis. 
The statistical analysis employed CC and ASLE in which their performances complement each 
other. Additionally, with the CC benchmark limits, it helps to provide an estimation of the 
transformer overall condition. However, to achieve more information regarding the severity or 
location of the damage, analysis based on the transfer function is required. 
The use of transfer function to analyse transformer winding response was examined on a 
winding with an inter-disc fault. Initially, the transfer function itself was estimated using the vector 
fitting algorithm. The algorithm was slightly improved to allow automation in selecting the suitable 
amount of starting poles which is also dependent on the RMSE. Once the transfer function has been 
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estimated, the pole plot was drawn. However, the plot did not demonstrate any trend on the pole 
movement which can be related to the fault location. This is required to establish a methodology for 
estimating the fault location. A different plot was then applied which is the Nyquist diagram. The 
diagram proved it can be utilized to determine the fault location. Three more cases on different 
failure modes were later presented to further examine the applicability of the statistical and the 
Nyquist plot analysis. These deformations are the tilting and bending of conductors. Interestingly, 
all cases demonstrate the feasibility of the Nyquist plot to determine the severity of the damage.  
In the following chapter, several cases are presented in which the responses are obtained from 
power transformers in substation. The responses are made available by contributions from various 
utilities and also personally conducted measurement on a local university substation. These cases 
are investigated by using the proposed methodology in this chapter and compared with two other 
methodologies which are available in the literature. 
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Chapter 6 
6 Winding Fault Analysis on Field Transformers 
6.1 Introduction 
In this chapter, the analysis performed on the frequency responses of various power 
transformers measured in the field is presented. Case studies from the transformers are based on the 
FRA results obtained via measurement conducted personally or contributed by various utilities. The 
condition of all transformers is unknown since physical inspection was not performed. Therefore, 
Table 6.1  Available information of the power transformers presented in this chapter. 
 Manufacturer (Year) Owner 
Power 
rating 
Voltage 
rating 
Vector   
Group 
1 Pauwels (2002) 
Indonesian 
power utility 
30 MVA 166/20 kV YNyn0+d1 
2 ABB (1996) University 1 MVA 11/0.43 kV Dyn11 
3 
Wilson Transformer Co. 
(2009) 
Distribution 
company 
10 MVA 33/11 kV Dyn11 
4 GEC Alsthom (1982) Power station 1 MVA 6.6/0.43 kV Dyn11 
5 
Associated Electrical 
Industries, AEI (1965) 
Steel mill NA NA NA 
6 GEC Alsthom (NA) 
Distribution 
company 
12.5 MVA 33/11 kV NA 
7 GEC Alsthom (1959) Steel mill NA NA NA 
*NA = Information not available 
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results from analysis on the field transformers are unable to be verified. Although other tests can be 
conducted to identify transformer condition, these were also not provided. Nevertheless, careful 
estimation on the transformers’ condition is presented based on available information. Two cases 
presented in this chapter are also available initially in author’s work in [84]. 
Out of all cases, only one transformer has a baseline response (measured in 2009) for making a 
comparison with the later response (measured in 2013). Other transformers are analysed by 
comparing responses between phases. This is because these transformers were manufactured well 
before FRA was introduced or not yet widely in practice. All cases are focused on assessing the 
main winding condition. 
6.2 Analysis on FRA from the Field Measurement 
To analyse transformer frequency responses obtained from the field measurements, two steps 
are employed which are the statistical analysis and the Nyquist plot analysis. These are presented in 
a flow chart as illustrated in Figure 6.1. 
 
Figure 6.1  Flow chart of the proposed method to analyse the transformer frequency response. 
CC and ASLE are chosen as the indicators for statistical analysis. However, the former is the 
main indicator in the analysis along with its benchmark limits to carefully estimate the transformer 
overall condition. The benchmark limits which were proposed by [42] are given in Table 6.2. In the 
table, separate limits are provided based on the comparison method. A lower limit range is given if 
the comparison is between other phases of the same transformer or sister unit. This is because the 
accuracy will not be as high if the comparison was made between responses from the same winding. 
Additionally, based on author’s experience analysing various FRA measurements, the benchmark 
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limits for ASLE are proposed and given in Table 6.2. However, it is noticed that the proposed 
benchmark is only accurate for analysis at high frequency response. This is because ASLE is highly 
sensitive to a slight variation at low frequency response which normally does not indicate a major 
problem. 
Table 6.2  Benchmark limits of CC and the proposed limits of ASLE for  
different comparison scheme. 
Estimated 
condition or 
suggestion 
CC ASLE 
Comparison between 
other phases or sister 
unit 
Comparison between 
similar winding 
responses 
Comparison for all 
conditions 
Good 0.95 to 1.00 0.98 to 1.00 Less than 1.00 
Marginal 0.90 to 0.94 0.96 to 0.97 1.00 to 1.70 
Investigate Less than 0.90 Less than 0.96 Higher than 1.70 
 
6.2.1 Comparison with other Interpretation Schemes 
Results from proposed analysis are compared with two available interpretation schemes for all 
the presented case studies. One is that using the relative factor R, as given in the Chinese Standard 
DL 911/2004 [88]. This method as discussed earlier in Chapter 2 is used in the analysis to estimate 
the overall condition of the transformer. The result can be normal, slight, obvious or severe 
deformation. The second is the method proposed in [44] for selecting the failure mode of the 
winding. It is based on the correlation coefficient which is computed according to the three 
frequency regions as given in [88]. These are CCLF, CCMF and CCHF for the CC of low, medium and 
high frequency regions respectively as defined below: 
 CCLF CC computed between 1 kHz to 100 kHz 
 CCMF CC computed between 100 kHz to 600 kHz 
 CCHF CC computed between 600 kHz to 1 MHz 
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Figure 6.2  Flow chart of the method which was proposed in [44] for determining  
winding failure mode. 
With the CC, parameter α can be computed, which is required to determine the failure mode. 
The equation of parameter α is given (4.1). There are three different failure modes that can be 
estimated, these are the disc space variation DSV, axial displacement AD and radial displacement 
RD. Each mode has a range of α where if the computed α is within one of the ranges, the winding is 
estimated to be in the corresponding failure mode. Otherwise, it is categorized as missing code. A 
flow chart on the methodology of this analysis is illustrated in Figure 6.2. 
6.3 Power Transformers with Good Working Condition 
6.3.1 Indonesian Distribution Utility 
In the first case, FRA data was obtained from an Indonesian electricity distribution utility. The 
transformer was manufactured in 2002 and rated at 30 MVA. The measurement was conducted on 
the transformer for the first time, therefore no baseline response was available. The measured 
responses from end to end open circuit test on the HV windings are given in Figure 6.3. From 
Figure 6.3, one can clearly notice that there was a disturbance during the measurement that has 
affected the low frequency responses from 20 Hz to about 3 kHz. 
 
HF MF
MF LF
CC CC
CC CC




 (6.1) 
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Figure 6.3  End to end open circuit responses of the HV windings with disturbance at low frequency 
region. 
There had been an insulation test conducted just prior to the FRA test as a part of the routine 
test. Therefore it is probable that the insulation test caused the noises. This is because the test 
procedure requires injecting the transformer with 10 kV DC thus leaving the residual flux in the 
core. This could have been avoided by conducting the FRA test before the DC injection test. 
Nevertheless, since this condition did not affect the high frequency response, this measurement can 
still be analysed with the exception of the core condition. 
Table 6.3  Statistical indicators to compare two responses. 
Statistical Indicator 
Comparison between phases 
R vs. S S vs. T T vs. R 
CC(40 kHz to 1 MHz) 0.9986 0.9984 0.9993 
Result Good Good Good 
ASLE (40 kHz to 1 MHz) 0.4208 0.3996 0.3969 
Result Good Good Good 
Relative Factor, R 
RLF 0.40 1.81 0.37 
RMF 2.23 2.11 2.54 
RHF 1.45 1.35 2.27 
Result Severe deformation Slight deformation Severe deformation 
 
To analyse the responses, the frequency region from 40 kHz to 1 MHz is selected to measure 
the variation between the responses using CC and ASLE. This region is estimated to be highly 
influenced by the main winding condition due to the positive trend of the slope. Comparison 
between responses from different phases is made due to the absence of previous FRA 
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measurements. Results from the statistical indicators are given in Table 6.3. From the table, all CCs 
and ASLEs are above 0.99 and below 1.00 respectively. By referring these values with the 
benchmark limits as given in Table 6.2, it clearly suggests that all windings are in good condition. 
Results from the relative factor are also given in the table. All comparisons indicate conflicting 
outcomes with the CC and ASLE where the factor suggests that all windings are in severe or slight 
deformation. In this case however, we may discard the analysis from the relative factor due to the 
disturbance which was included in the analysis since the factor considered response from 1 kHz. 
Therefore, based on the CC and ASLE, it is estimated that the transformer is in good condition. This 
case study also shows that it is still possible to analyse the measurement even if there was an error. 
Nevertheless, it is recommended to immediately repeat the measurement for future comparison if 
such error was noticed. 
6.3.2 University Substation 
The second case examines a power transformer, which was located at a substation in a 
university. It has been continuously operating at 80% load due to the ongoing construction of a new 
building. A maintenance team reported that additional cooling was required on the transformer due 
to the high load. Considering the transformer was manufactured in 1996, it was later decided to 
retrofit the substation with a higher rating transformer. Before the old transformer was scheduled to 
be removed from service, FRA test was conducted on the transformer. Results from the end to end 
short circuit test are provided in Figure 6.4. To compute the statistical indicators in determining the 
transformer winding conditions, the frequency region from 30 kHz to 1 MHz is selected. The results 
are given in Table 6.4. It shows high value of CC and low value of ASLE which indicates that the 
transformer winding is in good condition based on the benchmark limits. Additionally in this case, 
 
Figure 6.4 End to end short circuit test response on the HV windings. 
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all results from the relative factor agree with the outcome from the ASLE and CC. The transformer 
was decided to be reused at a different location. 
Table 6.4  Statistical indicators on all phases for the selected frequency region. 
Statistical Indicator 
Comparison between phases 
A vs. B B vs. C C vs. A 
CC (30 kHz to 1 MHz) 0.9998 0.9997 0.9998 
Result Good Good Good 
ASLE (30 kHz to 1 MHz) 0.2109 0.1841 0.3435 
Result Good Good Good 
Relative Factor, R 
RLF 3.81 3.13 2.88 
RMF 4.00 3.94 3.94 
RHF 2.03 2.87 1.87 
Result Normal Normal Normal 
6.3.3 Distribution Company 1 
For the third case study, two sets of responses measured on two different occasions were 
available to make an accurate comparison between them. The first measurement was conducted in 
2009, the year the transformer was manufactured. The second measurement was conducted in 2013 
during a routine maintenance test. Figure 6.5 shows the end to end short circuit responses of HV 
winding of phase C. The response at high frequencies (>700 kHz) shows a downward trend 
suggesting an inductive element which is due to the test leads. 
 
Figure 6.5  End to end short circuit test responses on HV winding of phase C. 
Chapter 6 | Winding Fault Analysis on Field Transformers 
104 
 
A proper setup of the ground braid which is grounding the test leads (coaxial cables) is very 
important to ensure the measurement repeatability. A slight variation on the connection could affect 
the high frequency response. For this reason, we would like to suggest including an additional task 
during the measurement which is capturing photos of the test setup. This will be helpful in 
supporting the conclusion made from analysing the response. 
Table 6.5  Statistical indicators from comparison between responses for the third case. 
Statistical Indicator 
Comparison between responses measured in 2009 and 2013 
Phase C Phase B Phase A 
CC (20 kHz to 700 kHz) 0.9999 0.9998 0.9999 
Result Good Good Good 
ASLE (20 kHz to 700 kHz) 0.2517 0.2758 0.2292 
Result Good Good Good 
Relative Factor, R 
RLF 3.87 3.82 3.88 
RMF 3.42 3.57 3.49 
RHF 1.62 1.42 1.44 
Result Normal Normal Normal 
 
To assess the main winding condition, statistical indicators are computed on the responses from 
20 kHz to 700 kHz for all three phases. Results from CC and ASLE are given in Table 6.5. The 
table shows that each winding phase have very high similarity. It can be said in confidence that this 
transformer is in good condition. Moreover, results from the relative factor also agree with this 
finding. 
6.3.4 Power Station 
In the fourth case, FRA measurement was taken from a power transformer located at a coal 
fired power station. The transformer is a distribution type transformer with power rated at 1 MVA. 
Short circuit response of the HV winding is illustrated in Table 6.6. Clearly one can notice that the 
overall shape of the response appears to be almost similar to the response in the previous case. 
Here, the inductive element of the test leads influence the response from about 1 MHz compared to 
700 kHz in the previous case. The similarity of response shape is due to the transformers being 
within the same vector group which is Dyn11. Therefore, the configuration and interconnection of 
all individual windings in the transformer is similar. On the other hand, for the first case which is 
YNdn0+d1, the transformer response is considerably different. Regarding the response above 1 
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MHz, this case presents good repeatability in the measurement as all three showed similarity. This 
is highly possible since all measurements were conducted at the same time. 
 
To determine the main winding condition, the frequency region from 50 kHz to 1 MHz is taken 
for computing the response variation. The results from the statistical indicators are given in Table 
6.6. From the table, CC and ASLE evidently show that the transformer is in excellent condition. 
This is also supported by the outcome from the relative factor. 
 
 
 
 
Figure 6.6  Short circuit test responses on HV winding. 
Table 6.6  Statistical indicators from comparison between responses for the fourth case. 
Statistical Indicator 
Comparison between phases 
A vs. B B vs. C C vs. A 
CC (50 kHz to 1 MHz) 0.9998 0.9990 0.9995 
Result Good Good Good 
ASLE (50 kHz to 1 MHz) 0.1124 0.2385 0.2275 
Result Good Good Good 
Relative Factor, R 
RLF 3.85 4.76 4.08 
RMF 3.26 2.49 2.80 
RHF 2.48 1.79 2.01 
Result Normal Normal Normal 
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6.4 Power Transformers with Suspected Winding Damage 
In the following cases, power transformers in which the winding is suspected to be deformed 
are presented. The procedure to analyse the response is similar to the previous cases in which the 
statistical analysis is used. In addition to that, two methodologies are also employed. These are the 
computation of parameter α which was presented in [44] and the Nyquist plot analysis which was 
proposed and examined in the previous chapter. 
6.4.1 Steel Mill 1 
This case presents FRA responses measured during an inspection of a transformer. It is an 
electric arc furnace (EAF) three phase transformer, which is used to power arc furnaces in a 
steelworks. This indicates that the transformer has been subjected to a high level of electrical, 
mechanical and thermal stresses. Nevertheless, the transformer was designed to handle such 
conditions. Further information on the transformer was not provided such as its vector group, power 
and voltage ratings. 
 
Figure 6.7  End to end open circuit responses of the HV winding with noises at low dB. 
Figure 6.7 presents open circuit responses of the HV windings. Low decibel noises can be 
observed between 1 kHz and 20 kHz and are due to noises at the site. Moreover, the noises did not 
interrupt the response at other frequency regions thus analysis could still be performed. From the 
figure, it can be determined that the H2-H1 response is measured from the middle phase. This is 
because the response shape from 1 kHz to 10 kHz is different to the other two phases. Therefore, 
responses of H1-H3 and H3-H2 are for the HV winding of phases A and C respectively. 
Statistical indicators are computed between responses from 100 kHz to 700 kHz and the results 
are given in Table 6.7. All three comparisons in the table show that all windings are in marginal 
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condition or need to be investigated. This finding is also agreed on by the relative factor which 
estimated that all comparisons indicate that the windings are in slight deformation. Additionally, by 
applying the computation of parameter α, it could not determine the failure mode as all values are 
not within the ranges provided. 
Table 6.7  Statistical analysis according to four different indicators. 
Statistical Indicator 
Comparison between phases 
H1H3 vs. H2H1 
(Phase A vs. B) 
H2H1 vs. H3H2 
(Phase B vs. C) 
H3H2 vs. H1H3 
(Phase C vs. A) 
CC 
(100 kHz to 700 kHz) 
0.8719 0.9398 0.8905 
Result Investigate Marginal Investigate 
ASLE 
(100kHz to 700kHz) 
2.4146 1.5236 1.9235 
Result Investigate Marginal Investigate 
Relative Factor, R 
RLF 1.07 1.25 1.67 
RMF 0.88 1.10 0.91 
RHF 2.07 2.22 2.22 
Result Slight Slight Slight 
Parameter α -3.09 2.90 -0.99 
Result Missing code Missing code Missing code 
 
To determine which winding has the best condition among all, two highest and lowest values of 
CC and ASLE need to be considered respectively. 2
nd
 (phase B vs. C) and 3
rd
 (phase C vs. A) 
comparisons have the highest CC and lowest ASLE. This suggest that phase C (H3H2) has the best 
condition since its response has the lowest variation with the other two responses. Therefore, H3H2 
is considered as the baseline response. 
To apply the Nyquist plot analysis, all responses are represented in the Nyquist diagram as shown 
in Figure 6.8. Here, the vector fitting algorithm is avoided since the diagram can be drawn from 
magnitude and phase plots of each frequency response. Taking H3H2 as the baseline plot, the minimum 
real value of all plots is observed. The minimum real value of H1H3 and H2H1 are on the left side of 
H3H2. This is similar to the movement caused by axial bending damage as shown in the simulated 
study in the previous chapter. Therefore, the absolute difference, |ΔRemin| is acquired from the figure to 
compute the percentage of damage using equation (5.18) established earlier. The results are given in  
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Table 6.8. Based on the equation, it is estimated that HV winding of phases A (H1H3) and B 
(H2H1) are 1% and 2% damaged compared to phase C (H3H2). The percentages obtained are 
supported by the relative factor which suggests that the windings are slightly damaged. The 
accuracy of this estimation can be improved if the baseline response is taken when the transformer 
is in good or new condition. However, that is not possible since the transformer itself was 
manufactured in 1965. Therefore, only careful estimation by relying on comparison between 
responses can be made. 
6.4.2 Distribution Company 2 
FRA measurement was performed on a 12.5 MVA 33/11 kV power transformer during a 
routine inspection. A report from the utility for this measurement was not provided. Therefore, not 
much information regarding the transformer is available. 
The short circuit responses of the HV winding are given in Figure 6.9. Since this is short circuit 
response, the first region (below 10 kHz) is mainly governed by the winding leakage inductance. 
From the figure, comparison between all phases indicates that there is no problem regarding the 
 
Figure 6.8  Nyquist plot representation of the responses. 
Table 6.8  The estimated percentage of winding damage. 
Comparison between phases 
Absolute difference of 
minimum real value, |ΔRemin| 
Expected percentage 
of damage (%) 
H3H2 vs. H1H3 0.0015 1 
H3H2 vs. H2H1 0.0028 2 
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winding inductance. The region from 80 kHz to 1 MHz is determined to be governed by the 
winding construction due to the capacitive trend on the response. CC and ASLE are computed for 
this frequency region and the results are given in Table 6.9. CC shows that two comparisons have 
marginal condition and one in good condition. On the other hand, ASLE shows a slight increase in 
the warning where two comparisons suggest investigating the winding and one is in marginal 
condition. For the relative factor, it produces a similar outcome as in the CC. On the computation of 
parameter α for distinguishing the winding failure mode, the third comparison (CA vs. AB) is 
 
Figure 6.9  End to end short circuit responses of the HV winding. 
Table 6.9  CC and ASLE according to selected frequency region. 
Statistical Indicator 
Comparison between phases 
AB vs. BC BC vs. CA CA vs. AB 
CC 
(80kHz to 1MHz) 
0.91 0.90 0.96 
Result Marginal Marginal Good 
ASLE 
(80kHz to 1MHz) 
1.73 1.77 1.34 
Result Investigate Investigate Marginal 
Relative Factor, R 
RLF 1.78 1.72 2.21 
RMF 0.94 0.91 1.34 
RHF 1.83 1.86 1.85 
Result Slight Slight Normal 
Parameter α -1.02 -1.05 -0.80 
Result Missing code Missing code RD 
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estimated to be due to radial deformation. However, this contradicts with the results from CC and 
relative factor where both suggest that the comparison shows good or normal condition. 
Since there is no baseline response available, we assumed in this analysis that one of the three 
windings has the best condition compared to the other two. To determine this winding, the two 
highest CC and two lowest ASLE from the comparison are chosen which are AB vs. BC and CA vs. 
AB. Response AB appear on both comparisons thus indicating that it has the best winding 
condition. 
 
Figure 6.10  Nyquist plot representation of the responses. 
All responses are represented in Nyquist plot as shown in Figure 6.10. With the AB plot as the 
baseline plot, its minimum real value, Remin is observed. With respect to Remin of the AB plot, the 
minimum real values of other plots are moving toward the right side of the plot. This movement is 
similar to the winding deformation caused by conductor tilting as shown in studies in the previous 
chapter. Therefore, the absolute difference, |ΔRemin| is determined and the percentage of damage can 
be computed from (5.7). The results are given in Table 6.10. From this analysis, it is estimated that 
winding BC and CA are about 7% damaged compared to winding AB. 
Table 6.10  The expected percentage of winding damage. 
Comparison between phases 
Absolute difference of  
minimum real value, |ΔRemin| 
Expected percentage  
of damage (%) 
AB vs. BC 0.0006 1 
AB vs. CA 0.0020 7 
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6.4.3 Steel Mill 2 
In this case, the transformer information was also not available except that it was manufactured 
by GEC Alsthom in 1959 and owned by a steel mill company. Results from end to end open circuit 
test are shown in Figure 6.11. Clearly from the figure, low dB noises can be observed from 20 Hz to 
about 10 kHz. Moreover, within this frequency region the noises only disturb the response at 
magnitudes below at about -70 dB. The resonances at 1 kHz seem unaffected by the noises. Such 
characteristics in a response can be caused by bad measurement practice specifically a loose 
connection at one of the HV terminals. A similar case was presented in [31]. Despite the noises, the 
response is valid and can be analysed since as in [31], the response at high frequency still retains its 
shape. This is shown in Figure 6.11(b). 
 
(a) 
 
(b) 
Figure 6.11  End to end open circuit responses of the HV winding. 
Comparisons between responses for the frequency range 100 kHz to 700 kHz are computed to 
analyse the winding condition. The results are given in Table 6.11. By referring to the CC 
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benchmark limits, it is estimated that all windings are in marginal condition. This is also supported 
by the results from relative factor where all windings are slightly deformed. For the ASLE, its 
proposed benchmark indicates that two windings are in marginal condition and one needs to be 
investigated. Therefore, based on three indicators it is believed that windings in this transformer 
need to be examined for possible deformation. Applying the parameter α calculation, the 
methodology could not determine the winding failure mode. 
To estimate the severity of the winding damage, Nyquist plot analysis is applied. Initially, the 
baseline plot needs to be determined. According to all three comparisons in Table 6.11, H1H3 vs. 
H2H1 and H3H2 vs. H1H3 have the highest and lowest values of CC and ASLE respectively. This 
suggests that H1H3 has the best winding condition compared to other phases therefore its response 
is taken as the baseline plot. All responses are represented in Nyquist plot and illustrated in Figure 
6.12. 
Table 6.11  CC and ASLE on the selected frequency region. 
Statistical Indicator 
Comparison between phases 
H1H3 vs. H2H1 H2H1 vs. H3H2 H3H2 vs. H1H3 
CC 
(100kHz to 700kHz) 
0.94 0.92 0.93 
Result Marginal Marginal Marginal 
ASLE 
(100kHz to 700kHz) 
1.40 1.71 1.53 
Result Marginal Investigate Marginal 
Relative Factor, R 
RLF 1.07 1.10 1.94 
RMF 1.19 1.05 1.11 
RHF 1.90 1.77 1.30 
Result Slight Slight Slight 
α 2.43 -8.69 -0.41 
Result Missing code Missing code Missing code 
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Figure 6.12  Nyquist plot representation of the responses. 
With H1H3 as the baseline plot, its Remin is compared with the value of other plots. The Remin of 
other plots appeared to be shifting toward the right side of the plot i.e. the Remin increases. This is 
similar to the case where the winding is deformed due to conductor tilting. Therefore, using (5.7), 
the severity of the damage is computed and the results are given in Table 6.12. From analysis, it is 
estimated that windings of phase H2H1 and H3H2 are 1% and 7% damaged compared to the 
winding in phase H1H3. However, winding H1H3 could also be experiencing deformation but this 
is unable to be determined as the response from the transformer in good or new condition is not 
available.  
Table 6.12  The expected percentage of winding damage. 
Comparison between phases 
Absolute difference of  
minimum real value, |ΔRemin| 
Expected percentage  
of damage (%) 
H1H3 vs. H2H1 0.0012 1 
H1H3 vs. H3H2 0.0052 7 
6.5 Summary 
The proposed methodology for examining the condition of transformer windings has been 
presented in this chapter. All the cases are based on FRA measurements, which were obtained 
entirely from several power transformers in substations. This is essential to verifying the 
applicability of the interpretation scheme, which was proposed and established in the previous 
chapter. Via the statistical indicators and their benchmark limits, results from CC and ASLE 
showed similarities in estimating the overall condition of transformer windings. The findings are 
also compared with results from the relative factor of the Chinese Standard which showed 
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agreement to majority of the cases. In one of the cases, low dB noises which present in the response 
has caused an incorrect interpretation from the relative factor. However, the noises are clearly seen 
in the response therefore one could expect that this can affect the outcome. 
For the cases where the windings are suspected to be faulty, the computation of parameter α for 
determining the winding failure mode has been examined for its practicality. Only one out of all 
cases which applied the parameter suggested that the winding is radially deformed. The parameter 
could not determine the failure mode due to missing code for the rest of the cases. 
The analysis using the Nyquist plot which was proposed in the previous chapter also has been 
assessed in some of the studies here. It utilizes the real minimum, Remin value of each of the Nyquist 
plot to estimate the severity of the winding damage. However, it requires the baseline plot to 
compute the difference between two Remin values. This can be solved by using the Nyquist plot of 
the frequency response with the least variations with the other two responses. Based on all three 
Remin values of the Nyquist plot, the severity of the damage is estimated. The percentages of 
winding damage in the presented studies are all below 10%. This is supported by earlier analysis 
using the statistical indicators which mostly indicate the windings are in marginal or slight damage. 
Additionally, based on several cases in this chapter, it is recommended that the person/team in 
charge of conducting the measurement capture pictures of the test setup as an additional task. The 
correct installation of the measuring clamps and the test leads are vital to ensure the repeatability of 
the measurement. This is helpful in the future for analysing the next measurement and consider the 
possibility of external causes that might influence the response. 
In this chapter however, findings from the analysis on all cases could not be verified since 
inspection by removing the transformer tank was not performed. For that reason, there is 
uncertainty on the outcome of the analysis. While the analysis suggested the winding is faulty, it 
might actually be only verified upon inspection. 
In the following chapter, a different factor which influences transformer frequency response is 
investigated. This is regarding the ageing of the transformer insulation system. One of the main 
objectives in the next chapter is to investigate the possibility of using FRA to assess the condition of 
a transformer insulation system. Among the methods applied in that chapter is using the capacitive 
inter-winding test configuration which is probably the least exercised test of FRA. 
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Chapter 7 
7 The Investigation of Insulation Ageing using FRA 
7.1 Introduction 
Monitoring the condition of oil-paper insulation of a power transformer is an important practice 
to determine its reliability. As mentioned in [89], there are three notable methods to measure the 
dielectric response, namely frequency domain spectroscopy (FDS), polarization and depolarization 
current (PDC) and return voltage measurement (RVM). These techniques operate on the principal 
of slow polarization of the dielectric material. The most important parameter to be considered here 
is the moisture content due to its detrimental effect on the insulation condition [89, 90].  On the 
other hand, frequency response analysis (FRA) is a completely different method purposely used for 
assessing the transformer mechanical condition. Its main function is to determine whether any 
deformation has occurred on the active part (windings, leads and core) of the transformer [31]. 
However recently, several literatures have begun to investigate the sensitiveness of FRA 
measurement to determine the transformer insulation condition. Therefore in this chapter a further 
discussion and investigation is presented on the potential of FRA to assess the insulation condition 
of power transformer. This is entirely based on the author’s proposed work which is presented in 
[91]. 
7.2 Investigating the Ageing of Insulation via FRA  
The ability of FRA to respond to non-mechanical changes of the transformer is not yet fully 
understood. It is believed that the earliest study on this issue was done by Abeywickrama et al. in 
[92] in 2006. The reference presented a study on the effect of moisture content, the ageing of 
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pressboard and the presence of oil on the FRA. Following that, several other research papers have 
been published which have also attempted investigation of this new function of FRA. Various 
factors regarding the dielectric condition of the transformer have been considered in the literature. 
Some of these are given below: 
1) Moisture content [21, 92, 93]. 
2) Temperature [21, 92, 94]. 
3) Presence of oil [7, 19, 21, 94]. 
Regarding the moisture content, [21] presented an investigation on the effect of moisture on the 
transformer FRA response before and after the drying process. Results showed that due to the 
process, the entire response slightly shifts horizontally toward higher frequencies as the moisture 
content decreases. In a simulated study in [92], results showed that high moisture content can shift 
the resonance to lower frequencies and at the same time damping its peak. The shifting of resonance 
and the damping of peak were governed by real and imaginary parts of the complex relative 
permittivity respectively [92]. Laboratory studies presented in [27, 95] show the increase of 
moisture content causes the cellulose insulation to expand thus increasing the clamping force. 
Therefore FRA has the potential to identify the change of clamping forces due to a variation in 
insulation moisture content. 
On the effect of temperature, [21] conducted a test on a dry transformer varying the 
surrounding temperature while maintaining the moisture content at a certain level. Results indicated 
that the high temperature could cause the frequency response to shift slightly towards lower 
frequencies. As discussed in [27, 95] temperature also has an impact on clamping forces. 
Comparing the amount of shift due to temperature and moisture content, the latter is more 
pronounced. In [92], results from an oil-filled transformer showed that the increase of temperature 
shifted the resonant frequency while damping its peak. In [94], two cases of temperature effect were 
presented on two windings, with and without oil. By increasing the temperature, results on both 
winding responses showed an overall response shift toward lower frequencies. 
The influence of transformer oil is also sensitive on FRA measurement. Reference [7] 
measured two responses of a transformer before and after the oil filling process. Results show that 
the response above 100 Hz shifts toward lower frequencies after the presence of oil in the system. 
Similar work was also conducted in [21] and [92], the results suggested the same outcome. 
Investigation from all these references indicates that there is a possibility of using FRA to 
examine transformer insulation condition. However, it seems that there is no report that studies the 
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FRA sensitivity on the transformer insulation condition as a complete ageing process. A complete 
ageing process here implies the constant effect of operating temperature and loading condition that 
contributes to the transformer oil-paper insulation condition as a whole. Moreover, it is also 
interesting to compare the FRA results with either one of the polarization methods (FDS, PDC and 
RVM). 
In the following topics of this chapter, the investigation of FRA measurement on the ageing of 
transformer insulation is presented and discussed. The study is performed on a single phase 16 kVA 
transformer which is subjected to accelerated ageing for a total of 28 days. FRA and FDS tests are 
conducted throughout the ageing process to analyse insulation condition. For FRA, two 
methodologies are proposed which utilize the percentage of change in capacitance to assess the 
insulation status and the computation of inter-winding capacitance from the measured response. The 
former is by using the end to end short circuit test while the latter is by using the capacitive inter-
winding test. Results obtained from the FDS test which are the complex capacitance and the 
moisture content are used to verify the applicability of the proposed methods. 
7.3 The Test Configuration of FDS 
 
Figure 7.1  FDS CHL test configuration on one phase. 
FDS has three different test configurations depending on which capacitance in the transformer 
is to be measured. These are the capacitance between HV and LV windings which is commonly 
referred to as CHL, capacitance between HV winding and ground, CH and capacitance between the 
LV winding and transformer core, CL. However, this study only presents the results from the CHL 
measurements. The CHL test measures the real, Cʹ and imaginary Cʺ parts of complex capacitance 
of the insulation between the HV and LV windings [96]. The test configuration is shown in Figure 
7.1. This is to some extent relatively similar to the FRA capacitive inter-winding test which also 
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measures the capacitance between HV and LV windings. All FDS measurements were conducted 
using commercially available Insulation Diagnosis System IDA 200 [97] measurement accuracy of 
which is 0.5% + 1 pF. 
7.4 The Proposed Methodology 
7.4.1 Electrical Parameters on the Ageing of Insulation 
Capacitances are distributed within the winding, namely the inter-turn capacitance Ct, inter-disc 
capacitance Cd, inter-winding capacitance Cw and ground capacitance Cg [69]. Capacitance varies 
according to the oil-paper insulation condition. This is because the complex relative permittivity of 
oil-paper is dependent on moisture content, temperature and frequency of the applied electric field. 
The dielectric material requires electric fields at low frequencies to be completely polarized. On the 
other hand, at high frequencies as mentioned in [75], the effect of complex susceptibility of the 
dielectric material weakened resulting in a flat dielectric response. For this reason, the real part of 
complex permittivity has a constant value at high frequencies. Reference [75, 98, 99] presented a 
study on the effect of moisture and temperature in paper and pressboard between 0.1 mHz and 1 
MHz. For both conditions, results show that the real part of complex relative permittivity ɛʹ, has a 
constant value or flat response from about 1 Hz to 1 MHz. Within this frequency region, ɛʹ is 
slightly sensitive toward the moisture content and temperature. In the case of imaginary component 
ɛʺ, it tends to decrease as the frequency increases until it reaches a minimum value before 
increasing at a slow rate. 
In the case of winding inductance, it will not be affected by the moisture content in the 
insulation system as mentioned in [21]. However, it is subjected to the temperature. This is because 
the permeability of magnetic material is dependent on temperature. Nevertheless, this effect can be 
negligible since a very high temperature is required to effectively change the permeability of a 
magnetic material. This is shown by a study in [100]. 
7.4.2 Capacitance Ratio of the End to End Test 
Transformer frequency response from end to end HV and LV tests exhibit multiple resonances 
and anti-resonances. From a FRA perspective, a parallel combination of inductance and capacitance 
produces anti-resonance (local minimum) as shown in Figure 7.2. Since complex capacitance 
comprises of real and imaginary components, each component has its own influence on the anti-
resonance. To explain this behaviour, frequency responses are simulated based on three different 
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values of complex capacitance. These are shown in Figure 7.2. By only changing the real 
capacitance Cʹ, the anti-resonance frequency is altered. On the other hand, by changing the 
imaginary capacitance Cʺ, the anti-resonance magnitude is altered. 
 
Figure 7.2  Frequency responses of a RLC circuit based on three different values  
of complex capacitance. 
By considering this in the context of transformer insulation, the imaginary part of complex 
relative permittivity consists of resistive losses and dielectric losses [89]. Therefore, these losses 
will influence anti-resonance or resonance magnitude (i.e. damping). This is presented in [92] 
where the simulated study showed that the increase of the imaginary component damps the peaks. 
However, it is important to mention that this condition is valid if Cʺ is very much lower than Cʹ. 
This is because high Cʺ with respect to Cʹ will heavily damp anti-resonance or resonance causing it 
to be shifted to lower frequency. In the practical case, this should not be a concern since for 
frequencies above 10 Hz, Cʹ (×10-10) is much higher than Cʺ (×10-12). This is evident by referring to 
the FDS results in Figure 7.6. 
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The equation for the resonant frequency is given as (7.1). Assuming that the inductance 
remains unchanged, the capacitance ratio is achievable from the frequency as shown in (7.2). Here, 
C1 and C2 are capacitances from the 1
st
 and 2
nd
 measurement of transformer frequency response 
respectively. f1 and f2 are the resonant frequencies from the 1
st
 and 2
nd
 measurements respectively. 
Additionally, the percentage of change of capacitance, ∆C% can be determined from the 
capacitance ratio. The equation is given in (7.3). This is based on the real part of complex 
capacitance because it considers the change of frequency. Since ɛʹ is dependent on moisture content 
of the insulation as discussed in previous section, it is possible to observe this parameter using the 
percentage of change of capacitance. The use of capacitance ratio has also been presented in [21, 
94]. 
7.4.3 Capacitance of the Capacitive Inter-Winding Test 
Vs
50Ω Cinter-winding
Vref
50Ω 
Vout
50Ω 
 
Figure 7.3  Circuit representing the inter-winding capacitance from the measurement. 
A methodology to obtain the capacitance from the capacitive inter-winding response is also 
proposed here. To explain this, we need to refer to Figure 7.3. The figure shows a fundamental 
circuit representing the inter-winding capacitance of a transformer which is measured using the 
capacitive inter-winding test. Such a circuit produces frequency response with a continuous positive 
slope as shown in Figure 7.4. Typical FRA measurement from the capacitive inter-winding test will 
exhibit such a trend as indicating a dominant influence of the component. However, this circuit may 
be valid only on low frequency region. It was mentioned in [7] that the influence of inter-winding 
capacitance is dominated at low frequencies although the reference did not specifically define the 
frequency range. With the circuit, three frequency responses are simulated based on three different 
values of complex capacitance. Results are provided in Figure 7.4. As shown in the figure, only the 
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real part of complex capacitance influences the magnitude. Changes on the imaginary part did not 
demonstrate any effect as it is overlapping with the initial response. As in the previous case, this 
condition is true when Cʺ is much lower than Cʹ which is practically valid.  
 
Figure 7.4  Frequency responses of the inter-winding capacitance with three  
different complex capacitance values. 
The output and input voltage ratio of the circuit in Figure 7.3 can be obtained as (7.4). This is 
the typical output from FRA test. 50 Ω is the input impedance of the FRA equipment. By knowing 
that C is extremely small (in ×10
-10
), we can neglect the imaginary component as (7.5). Therefore, 
the absolute value of (7.5) is simply as (7.6). With (7.6), it is possible to obtain the inter-winding 
capacitance. Since Cʹ is practically higher than Cʺ, equation (7.6) represents the real part of 
complex capacitance. 
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7.5 Case Study 
 
 
(a) (b) 
 
(c) 
Figure 7.5  (a) Diagram showing the location of heating element. (b) Internal view of the 
transformer during the assembly process. (c) 5 kVA transformers used in this study. 
In this study, a single phase 16 kVA oil filled transformer is utilized to examine its ageing 
condition using FRA and FDS. The transformer was hermetically sealed to prevent oil contact with 
oxygen and water from the external environment. Moreover, to further improve this a nitrogen gas 
cushion was also provided above the oil level. The transformer was subjected to an accelerated 
ageing process thermally and electrically. The thermal stress being applied using a heating element 
installed inside the tank. The electrical stress applied using a resistive load bank connected to the 
HV terminals. The ageing was conducted for a time period equal to 28 days (672 hours). Both FDS 
and FRA measurements were performed on the transformer after every seven days of ageing. 
Details of the transformer condition after every measurement are described in Table 7.1. Before 
conducting both measurements, the transformer temperature was regulated at 50°C for 3 days to 
allow the moisture between oil and paper/pressboard to reach equilibrium. FDS test was performed 
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from 1 mHz to 1 kHz. Due to limitations of the equipment, measurements up to 1 MHz were not 
possible. For FRA, the test was performed from 20 Hz to 2 MHz according to the suggestion in [7] 
for a transformer with a rating below 100 kV. 
Table 7.1  Accelerated ageing process applied on the transformer. 
Measurement Transformer Condition 
1
st
 Before accelerated ageing 
2
nd
 
After 7 days of accelerated ageing. 
Loading at 30A and heating at 110°C 
3
rd
 
After 14 days of accelerated ageing. 
Loading at 30A and heating at 110°C 
4
th
 
After 21 days of accelerated ageing. 
Loading at 30A and heating at 110°C 
5
th
 
After 28 days of accelerated ageing. 
Loading at 30A and heating at 110°C 
7.6 FDS Measurement 
Results from the FDS test are provided in Figure 7.6 for the real and imaginary parts of 
complex capacitance. It can be observed in Figure 7.6(a) that the real capacitance reaches a constant 
value from about 1 Hz to 1 kHz. It is expected that this flat response will continue up to 1 MHz. 
Within this frequency region there is a slight variation between each capacitance. This indicates that 
the ageing process has had a minor influence on the real capacitance. On the other hand, the 
imaginary capacitance as in Figure 7.6(b) shows a large variation between each measurement on all 
frequencies. A XY model based program developed in [99, 101] was used to estimate the moisture 
content in model transformer solid insulation. As insulation design is known, corresponding XY 
values were calculated accordingly (X= 38%; Y= 16%). The automatic fitting procedure in the 
program is used to estimate the moisture content and oil conductivity through minimizing the mean 
error between measured and modelled responses. Modelled response was derived using the 
calculated XY parameters and a database of moisture dependent dielectric responses of pressboard. 
Estimated moisture contents are given in Table 7.2. Table 7.2 shows that the moisture content has 
increased gradually from 0.7% to 3.2% after 28 days of accelerated ageing. The moisture increment 
for every ageing step with reference before the ageing process is also computed as shown on the 
second row. 
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Since the complex capacitance is known from the measurement, the percentage of change of 
capacitance, ∆C% as in (7.3) can be computed. Even though this parameter is not considered in 
traditional FDS analysis, it is considered here for comparison with FRA results. Therefore, ∆C% is 
computed for every frequency point between 20 Hz and 1 kHz which is also available from the 
 
(a) 
 
(b) 
Figure 7.6  Results from FDS measurements. (a) Real part of the complex capacitance.  
(b) Imaginary part of the complex capacitance. 
Table 7.2  Moisture condition of the insulation in the transformer. 
 
Before 
ageing 
7 days 
ageing 
14 days 
ageing 
21 days 
ageing 
28 days 
ageing 
Pressboard moisture 
(%) 
0.7 2.6 2.9 3.1 3.2 
Moisture increment 
after ageing  
- 1.9 2.2 2.4 2.5 
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FRA measurement (20 Hz to 1 MHz). Here, only the real part of complex capacitance is taken into 
account. Results are given in Table 7.3. In Table 7.3, ∆C21% is the value between the second (7 
days of ageing) and first (before ageing) measurements. The average value of the percentages are 
obtained and plotted in Figure 7.7 against the increment of moisture content taken from Table 7.2. 
The figure shows that there is an almost linear correlation between the percentage of change of 
capacitance and the increasing amount of moisture content. This indicates that there is a good 
relationship between the percentage and the moisture content. 
Table 7.3  Percentage of change of capacitance from FDS CHL test. 
f (Hz) ∆C21(%) ∆C31(%) ∆C41(%) ∆C51(%) 
20 4.3 6.1 7.7 7.9 
50 4.4 6.1 7.2 7.3 
70 4.2 5.7 6.9 7.0 
100 4.1 5.5 6.6 6.8 
222 3.9 5.2 6.2 6.4 
470 3.8 4.9 5.9 6.0 
1000 3.7 4.8 5.7 5.7 
Average 4.1 5.5 6.6 6.7 
 
 
Figure 7.7  The percentage of change of capacitance against the increment of moisture content for 
FRA and FDS tests. 
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7.7 HV End to End Short Circuit Test 
In the first FRA measurement, the end to end short circuit test was performed on the HV 
winding. The measured responses of five different ageing levels are provided in Figure 7.8. In this 
test configuration, the transformer response at low frequencies is dominated by the conductor 
resistance. This influence exhibits an almost constant magnitude from 20 Hz to 200 Hz in the 
figure. 
 
Figure 7.8  Frequency responses from the HV end to end short circuit test. 
At medium frequencies, the response is governed by the winding inductance. This is evident by 
the negative slope from 200 Hz to 30 kHz. A closer view of the slope is shown on the left inset. It 
shows that all responses are overlapping each other indicating that the inductance is not affected by 
the ageing process. The interaction between inductance and capacitance produces the anti-resonance 
as apparent at 30 kHz. 
At higher frequencies, the response is governed by the capacitive element of the HV winding. 
This feature can be observed on the response from 30 kHz to 1 MHz. In this frequency region, 
slight variations between responses occurred due to the ageing process. This is clearly shown on the 
right inset. The response has shifted towards lower frequencies as the ageing activity increases. This 
behaviour is due to the increasing of insulation permittivity mainly contributed to from the increase 
of moisture content. Since this is due to the change of insulation permittivity, stray capacitances are 
also affected by the same factor [7]. 
To determine the percentage of change of capacitance, frequencies of selected resonances and 
anti-resonances are taken for computation. The percentage of change of capacitance and the average 
value are provided in Table 7.4. The table shows that on the 2
nd
 response, the capacitance has 
increased 2.0% in average due to the ageing process. The increment continues gradually up to 5.7% 
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on the 5
th
 response which is 28 days of ageing. These percentages are also compared against the 
increment of moisture content and plotted in Figure 7.7. The figure shows that the percentage from 
this test also has an almost linear correlation with the increment of moisture content. Furthermore, 
comparing with the FDS plot, both have similar percentage increment rates (i.e. slope) thus clearly 
indicate a consistency on both FDS and FRA findings. FRA could not obtain a similar percentage to 
the FDS since this parameter is dependent on the insulation geometry. Therefore, only the trend of 
increment is compared here. However, most importantly it also shows the correlation with the 
increment of moisture content. This supports the capacitance percentage method employed on this 
test. 
Table 7.4  Percentage of change of capacitance for selected frequencies from HV end to end short 
circuit test. 
f1 (MHz) ∆C21(%) ∆C31(%) ∆C41(%) ∆C51(%) 
0.0317 1.5 4.7 4.7 4.7 
0.1626 1.5 3.1 4.7 6.3 
0.1954 1.5 4.7 6.3 6.3 
0.2729 2.3 4.7 5.9 5.9 
0.3027 2.3 3.5 4.7 5.9 
0.5024 2.3 3.5 5.9 7.2 
0.5200 1.2 3.5 4.7 4.7 
0.5835 2.3 3.5 4.7 4.7 
0.6110 2.3 4.7 5.9 7.2 
1.5525 2.3 4.7 5.9 5.9 
1.7023 2.3 4.7 4.7 4.7 
1.9545 2.3 3.5 5.9 4.7 
Average 2.0 4.1 5.4 5.7 
 
For selecting resonances and anti-resonances to compute the percentage, attention should be 
made that these features must remain present on all responses. For example, an aspect such as in 
Figure 7.9 should be avoided since the peak (within the box) is inconsistent throughout all 
responses. 
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Figure 7.9  Peaks on certain responses have suppressed will cause an inaccuracy when computing 
the ratio. 
7.8 LV End to End Short Circuit Test 
 
Figure 7.10  Frequency responses from the LV end to end short circuit test. 
End to end short circuit test was also performed on the LV winding. Measured responses are 
illustrated in Figure 7.10. In the figure, the low frequency response shows a constant magnitude 
which is visible from 20 Hz to 2 kHz. This region is associated with the winding resistance. 
Comparing with the HV winding response this region is much wider, most likely due to low 
inductance of the LV winding. A low value of inductance will cause the negative slope to appear at 
much higher frequencies. Therefore, it is important to point out that the constant magnitude 
response in the low frequency region may not be visible in a large size transformer. This is due to 
large winding inductance which will force the slope to develop at lower frequencies effectively 
suppressing the constant magnitude response. 
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Observing on the left inset which is a closer view of the negative slope, it shows that there is no 
variation between responses. This supports the finding where the winding inductance is not affected 
by the ageing process in the HV winding. 
The main anti-resonance can be observed at about 300 kHz. It is located ten times the 
frequency of the main anti-resonance of the HV winding response. This is due to the LV winding 
inductance being much lower than the HV winding inductance. The response continues to increase 
in magnitude from 300 kHz to 2 MHz which is governed by the winding capacitance. The right 
inset shows a closer view of the responses at high frequencies. It clearly displays that the ageing 
process has caused the response to be shifted towards lower frequencies. 
Table 7.5  Percentage of change of capacitance for selected frequencies from LV end to end short 
circuit test. 
f1 (MHz) ∆C21(%) ∆C31(%) ∆C41(%) ∆C51(%) 
0.1233 3.1 4.7 6.3 6.3 
0.1416 3.1 4.7 6.3 8.0 
0.3319 4.7 7.2 8.4 7.2 
0.8242 5.9 7.2 9.6 10.9 
0.9909 4.7 7.2 8.4 8.4 
1.7220 2.3 4.7 7.2 7.2 
1.8665 2.3 3.5 4.7 5.9 
Average 3.7 5.6 7.3 7.7 
 
As in the previous procedure, the percentage of change of capacitance can be obtained from the 
frequencies of resonances and anti-resonances. The percentage for the selected point and the 
average value are provided in Table 7.5. For the LV winding, the 2
nd
 response shows an overall 
increment of 3.7% of the original winding capacitance. This gradually increases with the ageing 
process. At the 5
th
 response, the overall increment has reached 7.7%. These percentages are also 
plotted in Figure 7.7. It demonstrates that the percentage has a reasonably linear relationship with 
the increment of moisture content. It also has a similar increment rate (i.e. slope) with the other two 
plots thus clearly indicate a strong consistency between the findings of all three tests. Observing on 
the percentage value, the FRA LV test has higher percentages than the HV test due to different 
insulation construction. The effective HV and LV capacitances consist of different proportions of 
oil and paper and therefore moisture change in paper insulation affect HV and LV winding 
responses differently. 
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7.9 Capacitive Inter-Winding Test 
7.9.1 Computing the Inter-Winding Capacitance 
The capacitive inter-winding test was conducted to analyse its sensitivity to the transformer 
insulation ageing process. Measured responses are presented in Figure 7.11. The frequency 
response from this test exhibits an increase of magnitude from 20 Hz to 2 MHz. This indicates the 
dominant influence of the inter-winding capacitance. Small resonances and anti-resonances 
appeared intermittently in between. As shown on the left inset, the ageing process has caused the 
response to shift towards higher magnitude. The increase of magnitude indicates that the inter-
winding capacitance has increased. This is true since the ageing process produces more moisture 
content consequently increasing the insulation permittivity. However, this trend appears for 
responses less than 1 kHz. As presented in the right inset of Figure 7.11, an oscillation on the 
response is observed around 2 kHz after ageing. According to [79] this oscillation appears in a 
typical capacitive inter-winding response of a transformer. This oscillation is most likely due to 
core magnetization as the core influence is dominant in the response at low frequencies [7, 79]. 
Furthermore, a change of inter-winding capacitance and insulation resistance with ageing may also 
have an impact on the magnitude of the oscillation. However, further experimental validation is 
required to confirm the cause of this. 
 
Figure 7.11  Frequency responses from the capacitive inter-winding test. 
Equation (7.6) is employed to compute the inter-winding capacitance from the frequency 
responses below 1 kHz since that is the limit of the common frequency band of FDS and FRA. In 
these calculations the magnitudes above -100 dB are only considered, as measurement accuracy is 
not available for signals below -100 dB. Based on the above criteria 75 data points per measurement 
were used to calculate the inter-winding capacitance. The average values are taken for all 5 
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measurements and given in Table 7.6. From the table, all values showed good comparison except 
for the 21 days of ageing. With the close similarity between values from FDS and FRA tests, again 
this demonstrates consistency in the findings. More importantly, this shows the practicality of this 
novel approach to compute the inter-winding capacitance using the FRA test. 
Table 7.6  Real part of complex capacitance from FDS and FRA. 
 
Average value of Cʹ (×10-10 F) 
Before ageing 7 days ageing 14 days ageing 21 days ageing 28 days ageing 
FDS 2.1 2.2 2.2 2.3 2.3 
FRA 2.1 2.2 2.2 2.2 2.3 
∆% 0 0 0 4.3 0 
 
The frequency limit which is taken at 1 kHz may differ depending on the measured response. 
As in this case, the positive slope continues until about 1 kHz before the oscillation disturbed the 
slope. The oscillation is believed to be due to other elements which have started to influence the 
response as the frequency increases. In other cases where such an oscillation could appear at below 
1 kHz, the frequency limit must be implemented as this will distort the result. Additionally, this 
depends on the measured response of the transformer itself. 
7.9.2 Repeatability Test on the Measurement 
In this section, the repeatability of the capacitive inter-winding test is examined. This is to 
support the results from the previous analysis in which the variation between the responses was 
seen to be relatively small. To investigate the repeatability of this test, two identical measurements 
were made on the transformer 24 hours apart. Additionally, this was repeated two times to have 
three pairs for later comparison. From these responses, the absolute difference (|dBresponse1 – 
dBresponse2|) between two magnitudes at each frequency point was computed. These are given in 
Figures 7.12, 7.13 and 7.14. In all figures (b), the yellow region indicates the frequency region 
considered for the computation of inter-winding capacitance as given in Table 7.6. The maximum 
magnitude for the yellow region is 0.5 dB as indicated by the horizontal line, 0.5 dB is chosen as it 
is the accuracy of the measuring equipment. The average and the maximum values of the absolute 
difference inside the yellow region are given in Table 7.7. This shows that the measurement at this 
region has a low repeatability difference (below 0.5 dB) for all three tests which is very good. 
Additionally, the average values of the absolute difference are also very low which is below 0.08 
dB. 
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(a) (b) 
Figure 7.12  Repeatability test no. 1. (a) Compared responses. (b) Absolute difference between 
responses. 
  
(a) (b) 
Figure 7.13  Repeatability test no. 2. (a) Compared responses. (b) Absolute difference between 
responses. 
  
(a) (b) 
Figure 7.14  Repeatability test no. 3. (a) Compared responses. (b) Absolute difference between 
responses. 
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Table 7.7  Mean and maximum absolute difference within yellow region. 
Repeatability test Mean absolute difference Maximum absolute difference 
No. 1 0.07 dB 0.4 dB 
No. 2 0.07 dB 0.3 dB 
No. 3 0.07 dB 0.3 dB 
7.10 Summary 
A comparative study between FRA and FDS measurements on the ageing of power transformer 
insulation has been presented in this chapter. It was mainly based on two proposed FRA 
methodologies which are the percentage of change of capacitance, ∆C% and the inter-winding 
capacitance. The former was computed from end to end short circuit test on HV and LV windings. 
The latter was only attainable from the capacitive inter-winding test. FDS was utilized to analyse 
the insulation condition and at the same time verifying the results from FRA. 
By comparing the percentage of change of capacitance between FRA and FDS tests, it showed 
a good agreement in terms of the increasing rate of the percentage with respect to the increment of 
moisture content. This finding suggests that there is a possibility to employ the percentage method 
in FRA as a tool to indirectly evaluate the moisture content. However, there was a critical aspect 
that needs to be considered when computing the percentages. The presence of resonance and anti-
resonances on all responses are required when choosing the frequencies since they could be 
suppressed or disappear. 
Also shown in the measured FRA responses, the influence of inductance due to the ageing 
process was absent when there was no variation of response in the negative slope region. 
The second proposed methodology for calculating the inter-winding capacitance from the FRA 
capacitive inter-winding test proved to be reasonably accurate when compared with measurements 
from the FDS test. However, the frequency range to be considered is important in the computation. 
This range is subjected to the variation of transformer response. Other transformers may need to 
select different ranges depending on the measured response. 
Since FRA is essentially a comparative method, it is expected that the proposed approach could 
only determine the percentage of change of two capacitances established from the resonance and 
anti-resonance analysis. On the other hand, the close similarity between test configurations of FRA 
capacitive inter-winding and FDS CHL makes it possible to compute the actual capacitance itself. 
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FRA certainly will not replace other established transformer insulation testing methods. However, it 
could provide additional information by using the techniques as demonstrated in this chapter. 
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Chapter 8 
8 Conclusions and Future Works 
8.1 Conclusions 
This thesis presented investigations on the frequency response analysis for monitoring the 
condition of transformer windings. It discussed FRA sensitivity to various issues, winding 
deformation studies with the proposed interpretation scheme and a study on insulation condition 
using FRA. 
Initially, a detailed mathematical model for simulating the winding response was established. 
Based on comparison of the three model responses to the measured response it was found that the 
MTL model had the highest accuracy. This was mainly because the model considered the location 
of each turn in the winding. Additionally, due to this reason the response of an interleaved winding 
can be simulated while other models have failed. This feature is useful since in the literature most 
studies were on frequency response from continuous disc windings. Regarding other models, the 
ladder network model is based on drawing the circuit which represents a transformer winding. 
Because of this, the circuit needs to be redrawn for every transformer winding which is an arduous 
task. The hybrid MTL model proved to be fast in computational speed. However, it is not an 
important criterion compared to the modelling accuracy. This study found that the hybrid MTL 
overestimated the amount of resonances and their magnitude. 
With a suitable model, various issues on the sensitivity of winding response were investigated. 
Concerning the winding geometry, it was shown that even a slight (2 mm) change of the inter-
winding insulation can create considerable variation on the response. Such variation was also 
observed for other winding geometric parameters. This indicates that it is crucial to compare using a 
baseline response from the same transformer rather than a response from a sister or twin 
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transformer. Moreover, the response of another transformer could not be used even if the 
construction of the winding is nearly similar. If the use of response from a sister transformer could 
not be avoided, one should be aware that minor response variations might not be due to a faulty 
winding.  It is also for this reason that the benchmark limits for the CC are slightly lower (more 
tolerance) if the comparison is not using the baseline response from the same winding. 
Nevertheless, this response variation is apparent in the high frequency region since the winding 
geometry primarily affects the capacitance. 
From the study of deformation on several different windings, it was discovered that the 
response movement varies according to the winding type (interleaved or continuous). For winding 
damage due to the tilting of conductors, it will cause the response to shift towards lower frequencies 
if the winding is an interleaved type. On the other hand, the response will shift towards higher 
frequencies if the winding is a continuous type. In order to further prove this finding, two different 
continuous windings were tested with similar damage. The study confirmed that both windings 
displayed similar response movement. With this discovery, one should be aware of this 
characteristic when determining the winding failure mode from the shifting of the response. In 
addition, the study also revealed that two windings with a similar winding type and damage, but 
with different geometry/dimensions will have different degrees of the response variation as shown 
from the statistical analysis. This implies that it is not accurate to use statistical analysis to 
determine the severity of the fault as a certain paper has suggested in the literature. However, a 
certain range should be specified to the statistical indicator for estimating the overall condition of 
the winding such as the benchmark limits for the CC and the proposed limits for the ASLE. Three 
indicators were also compared in the statistical analysis. CC and ASLE were shown to have similar 
outcomes for every case. On the other hand, CSD in one instance displayed a large difference in the 
magnitude between two resonances can exaggerate the indicator. 
The study also examined two winding failure modes which are the axial bending and the tilting 
of conductors. The former did not cause a significant change on the response since the inter-turn 
and inter-winding capacitances were not affected by the damage. However, all winding 
capacitances were involved in the latter case, thus a large variation was observed on the response. 
This shows that depending on the failure mode certain damage is more severe than others, thus 
requiring extra attention. 
The sensitivity of winding response due to windings of other phases was also investigated in 
this thesis. The study was based on measurement of a three phase laboratory transformer. By 
modifying the winding condition of an adjacent phase (non-tested winding), it was found that such a 
condition could actually influence the open circuit response of the measured winding (tested 
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winding). This condition generally influenced the mid frequency region of the response which was 
between 1 kHz and 10 kHz for the transformer used in this study. This was mainly due to the 
mutual coupling between the windings. For this reason, careful attention should be paid when 
analysing any winding response by taking into consideration the condition of adjacent windings as 
well. However as mentioned before, this is only for windings which are located next to each other. 
If both are side limb windings (phase A and C), the condition of one winding will not influence the 
other winding’s response due to high reluctance which restrict the flux travelling through the side 
limb.  
Additionally, such influence was not observed in the response from the short circuit test. 
Therefore, it is highly recommended to perform both open and short circuit tests on the same 
winding. This will help in the analysis for distinguishing if the response variation occurred in the 
mid-frequency region is due to the adjacent winding or the measured winding itself. 
The sensitivity of winding response due to the tap changer setting was also investigated in this 
thesis. The end to end open and short circuit tests on HV and LV and inductive inter-winding test 
were performed in this study. It was understood that the tap changer setting could affect the 
response on various frequency ranges. The setting of the tap changer influences the low and mid 
frequency regions of the response due to the changing of winding inductance. On the other hand, 
the high frequency region was also affected due to the change in winding capacitance. Both open 
and short circuit responses showed apparent variations as the tap setting varied. Another finding in 
the study was although the tap changer is connected to the HV winding, it can also affect the 
response of the LV winding. This was due to the mutual inductance between the HV and LV 
windings. Even though an inductive element is usually indicated by a negative slope in the 
response, the mutual inductance in this case was seen changing the positive slope at the mid-
frequency region. On the inductive inter-winding test, the tap changer setting influenced two 
regions in the response. One was in the constant magnitude region which occurred from 20 Hz to 20 
kHz. The constant magnitude was due to the winding resistance. Due to this, it was shown in the 
study that the region had correlation with the turn ratio of the winding. Secondly is the high 
frequency region which contains the main anti-resonance in the response. Observing on the anti-
resonance, it shifted towards lower frequencies as the tap setting changes to include more winding 
due to the increase of winding inductance.  
Besides examining the sensitivity of frequency response towards winding deformation, the 
frequency response was further studied for establishing an FRA interpretation scheme. Three failure 
modes were investigated which were inter-disc fault, tilting and axial bending of conductors. 
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Winding responses due to these modes of damage were analysed using statistical and non-statistical 
approaches. 
In the statistical approach, CC, ASLE and their benchmark limits were employed. The 
benchmarks for ASLE were proposed for the first time while the benchmarks for CC were taken 
from another reference. Based on the cases of actual power transformers, results from both 
benchmarks have relatively similar outcomes. This indicates that the proposed benchmarks for 
ASLE work as well as the benchmarks for CC. These indicators and their benchmarks can be used 
individually to estimate if the winding is in good condition, marginal condition or should be 
inspected. However, using both indicators at the same time can provide more reliable and confident 
results. This is because both indicators have features that complement each other. The CC mainly 
measures the similarity of shape between responses while the ASLE measures the difference of 
magnitude between responses. Additionally, the relative factor from the Chinese Standard DL 
911/2004 was also incorporated in the study to compare with the findings from the CC and ASLE. 
The results from the relative factor show that it can produce the same outcome on almost all of the 
cases. Only one case in which the relative factor indicates severe deformation while other indicators 
suggest the winding is in good condition. This is however due to the noises at mid-frequency region 
which was included in the computation of the relative factor thus giving a false result. 
In the non-statistical approach, the use of Nyquist plot to estimate the fault location or extent of 
the damage was proposed. The Nyquist plot can be drawn using the transfer function of the 
response which is obtainable via vector fitting algorithm. A modification on the vector fitting 
algorithm was also proposed. The modification allowed the number of starting poles to be estimated 
automatically. Additionally, the speed of computation was also reduced by breaking the iterative 
process when the process could no longer improve the fitting. However, to draw the Nyquist plot 
from the magnitude and phase responses, the algorithm can be avoided by simple conversion of 
polar to rectangular form of each point in the response. Nevertheless, the vector fitting is still 
required if the winding response needs to be represented in other plots such as the pole plot.  
By applying the Nyquist plot analysis on responses which were measured from various power 
transformers in substations, the extent of winding damage was estimated. Interestingly, the small 
percentages of damage from the estimation showed agreement with earlier statistical analysis which 
indicated slight or small deformation. However, verification of these findings could not be 
performed as none of the reports from the utilities were available, nor internal inspection was 
conducted. The pole plot was also examined to see its applicability to analyse winding response. 
However, it was found that the plot could not be used for inter-disc fault as no pattern could be 
observed to relate it with the location of the fault. Therefore, for establishing a comprehensive FRA 
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interpretation scheme which requires implementation on all failure modes, the pole plot technique 
was discarded. 
Finally in this thesis, investigation to determine the possibility of using FRA for evaluating 
insulation condition was performed. It was based on laboratory experiments of accelerated 
insulation ageing of a 16 kVA transformer. The end to end short circuit and capacitive inter-
winding tests of FRA were employed. The FDS test using the CHL configuration was also 
conducted for comparing with the results from FRA. From the short circuit response of the HV and 
LV windings, the percentage of change of capacitance ∆C% for each winding was computed based 
on the ratio of two resonant frequencies (f1 and f2) from two responses. It was proposed in the study 
that this capacitance can be associated with the increment of moisture content in the insulation 
∆MC%. The moisture content was estimated from the XY model based on the fitting from the FDS 
measurement. By plotting the percentage of change of capacitance versus the increment of moisture 
content, it was discovered that both parameters, ∆C% and ∆MC% exhibit a linear relationship 
during the 28 day (672 hours) of accelerated ageing process. Moreover, a similar trend was also 
demonstrated by the percentage change of capacitance which was computed from the FDS test. 
Therefore from this finding, it was proposed that the computation of the percentage of change of 
capacitance from the short circuit response can be used as the parameter for observing the moisture 
increment in transformer insulation. 
From the capacitive inter-winding test of FRA, it was shown that the measurement 
configuration is relatively similar to the CHL test in the FDS. Both tests technically measure the 
insulation between the HV and LV windings. With this understanding, a novel method for 
computing the capacitance between the HV and LV windings from the capacitive inter-winding 
response was proposed. The computation was based on the response between 20 Hz and 1 kHz in 
which the frequency region was also within the FDS measurement. The inter-winding capacitance 
which was computed from the FRA test was compared with the capacitance from the FDS test to 
evaluate the proposed method. The comparison showed high similarity on all five capacitance 
values obtained from both tests thus indicates the validity of the proposed method. FRA will not 
replace FDS for assessing transformer insulation condition. However, this finding shows that 
besides examining the mechanical condition of the winding, FRA could also extract certain 
information regarding the insulation which may be useful. 
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8.2 Future Works 
Various issues regarding the interpretation of frequency response for assessing transformer 
windings have been investigated in this thesis. Nevertheless, the investigation can be continued in 
the future to address other issues. These are as follows: 
 The sensitivity of FRA to the tap changer has been investigated in this thesis. In future 
work, frequency response due to a faulty tap changer could be studied to establish 
guidelines for fault analysis. Examples of failure modes in tap changers are mechanical 
wear and coking on the contacts as well as mechanical failure in the driving mechanism 
such as damaged shaft and tap changer stopping off position. 
 With the proposed interpretation scheme which utilizes Nyquist plot, future 
investigation could consider examining its application on several other failure modes 
which were not included in this thesis. Examples of these failure modes include radial 
deformation (forced and free buckling) and axial displacement. 
 Although the proposed scheme was able to estimate the extent of the damage of 
measured responses from actual power transformers, the result was not verified with 
visual inspection on the unit due to certain limitations. Therefore, future work may 
include establishing cooperation with utilities or other organizations to make inspection 
possible. 
 Regarding the percentage of change of capacitance ∆C% and the inter-winding 
capacitance calculation from FRA measurement, future investigation may consider 
repeating the same study on a different transformer. This is to observe if the relationship 
between the percentage of change of capacitance and the increment of moisture content 
is similar for all transformers. Moreover, it will be interesting to see how the percentage 
will vary between different transformers. 
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Appendices 
 Appendix A: The calculation of series capacitance for continuous disc winding. 
 
Equations below show the computation of series capacitance for continuous disc winding. 
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 Cd = total inter-disc capacitance of a disc. 
Ct = total inter-turn capacitance of a disc. 
Cs = total series capacitance of a disc. 
mt = number of turns in a disc. 
nd = number of disc in a winding. 
do = outer diameter of the disc. 
di = inner diameter of the disc. 
d = distance between two adjacent discs. 
ti = insulation thickness between two adjacent turns in a disc. 
h = height of the disc (including the insulation). 
 
Here, ±d on the outer and inner diameter of the disc is applied in order to account the fringing 
effect. 
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 Appendix B: Constructing the capacitance matrix 
 
Figure below shows the construction of interleaved and continuous windings with 2 discs and 5 
turns in each disc. 
 
  
(a) (b) 
Figure B1  Disc type winding with 5 turns and 2 discs. (a) Interleaved arrangement. (b) Continuous 
arrangement 
 
Based on examples given in Figure B1(a), matrices for Ct, Cd and Cg for interleaved winding 
are given in (B.1), (B.3) and (B.5). For continuous disc winding as shown in Figure B1(b), matrices 
for Ct, Cd and Cg are given in (B.2), (B.4) and (B.6). 
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 Appendix C: Vector fitting output for the normal winding response 
 
To present an example on the usage of vector fitting to estimate the transfer function of a 
response, the response of a normal winding condition is taken. With the RMSE is pre-set at 0.0003, 
the algorithm initiated. The frequency response from the estimated transfer function is illustrated in 
Figure C1. The figure shows that the fitted response is closely similar with the reference which is 
the response of the winding in normal condition. The estimation can be improved by reducing the 
RMSE to a lower value such as 0.0001. With the lower RMSE, the new fitted response is shown in 
Figure C2. 
 
Figure C1  Reference (measured) response and the fitted response for RMSE at 0.0003. 
 
 
Figure C2  Reference (measured) response and the fitted response for RMSE at 0.0001. 
 
With the RMSE at 0.0003, the amount of poles required for the estimation to complete is 16 
which consist of four poles and six complex conjugate poles. The equation for the transfer function 
is as below with the poles, residues, d and e are given in Table C1. 
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TF s d se
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Table C1  Poles, residues, d and e of the estimated transfer function. 
Poles, an (×10
5
) Residues, cn (×10
2
) d e (×10
-10
) 
-0.055 47.461 0.154 -4.698 
-0.179 17.629  
-1.894 25.490 
-1016.300 -156496.833 
-1.106 ± j8.203 -4.292 ± j1.412 
-1.669 ± j17.432 3.885 ± j0.683 
-3.289 ± j26.317 -3.128 ± j2.727 
-3.253 ± j33.820 -1.618 ± j2.368 
-3.147 ± j47.756 -11.722 ± j1.871 
-2.138 ± j54.711 0.440 ± j0.973 
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 Appendix D: Parameter of various windings 
 
Table D1  Parameter of the Experimental Transformer Winding [76] 
Parameters Value 
Arrangement Interleaved 
Number of disc 40 
Number of turn per disc 14 
Conductor height 5.6 mm 
Conductor height with insulation 6.0 mm 
Conductor width 1.2 mm 
Conductor width with insulation 1.6 mm 
Inter-winding insulation thickness 3.0 mm 
 
Table D2  Parameter of the winding from transformer in [77] 
Parameters Value 
Arrangement Continuous 
Number of disc 60 
Number of turn per disc 9 
Conductor height 9.0 mm 
Conductor height with insulation 10.0 mm 
Conductor width 2.5 mm 
Conductor width with insulation 3.5 mm 
Inter-winding insulation thickness 4.0 mm 
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Table D3  Parameter of the winding from transformer in [78] 
Parameters Value 
Arrangement Continuous 
Number of disc 62 
Number of turn per disc 6 
Conductor height 6.0 mm 
Conductor height with insulation 8.4 mm 
Conductor width 3.0 mm 
Conductor width with insulation 5.4 mm 
Inter-winding insulation thickness 24.4 mm 
 
Table D4  Parameter of the winding from transformer in [75] 
Parameters Value 
Arrangement Continuous 
Number of disc 60 
Number of turn per disc 11 
Conductor height 9.0 mm 
Conductor height with insulation 9.4 mm 
Conductor width 2.5 mm 
Conductor width with insulation 2.9 mm 
Inter-winding insulation thickness 28.0 mm 
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1 
Abstract--This paper discusses on the applicability of three 
methods namely n-ladder network, multi-conductor transmission 
line (MTL) and hybrid MTL to model the transformer winding 
frequency response. These methods have been used to model an 
actual transformer winding with end-to-end short circuit 
configuration. The corresponding model parameters are 
calculated based on winding construction and geometrical 
information. The frequency response curves obtained from 
different models are compared with the measured frequency 
response. Based on the obtained results, the suitability of 
considered techniques for modelling the end-to-end short circuit 
winding configuration is discussed.  
 
Index Terms--Frequency response analysis, multi-conductor 
transmission lines, transfer functions, transformer windings.  
I. INTRODUCTION 
HE health condition of power transformer is utterly 
important for the reliable delivery of electricity. However, 
operating under excessive mechanical, electrical, and 
environmental stresses, power transformer might be subjected 
to various types of faults or failures. The mechanical 
deformation in transformer windings or core is one of the 
major failures occurring in transformers. Such winding 
deformations are normally due to large electromagnetic force 
generated by the short circuit currents. Therefore, early 
identification of winding and core deformations plays a crucial 
role in the condition based transformer maintenance. 
Frequency Response Analysis (FRA) is one of the most 
successful non-intrusive techniques for assessing the 
deformations of transformer winding and core structure. In 
FRA technique, the Sweep Frequency Response Analysis 
(SFRA) is adopted to measure the frequency response of 
transformer windings [1]. Frequency response of a transformer 
depends on the multiple factors including resistance, 
inductance, and capacitance of the transformer windings. Any 
geometrical deformation of the winding or core will change 
the associated inductance and capacitance which leads to the 
alteration of the transformer frequency response. One of the 
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common methods among utilities to evaluate the mechanical 
deformation of windings is by comparing the frequency 
response of the transformer under investigation with that of a 
similar healthy transformer or a previous similar measurement 
on the same unit under healthy conditions. 
To properly interpret the FRA measurements, high 
frequency model of transformer winding and core needs to be 
developed, where the distributed electrical quantities 
(resistance, inductance, and capacitance) are used to represent 
the electrical response of winding and core. Several 
transformer winding models have been proposed and applied 
for winding deformation studies [2-4] with each model has its 
own merits and limitations when applied to analyse the 
frequency response of transformer winding. This paper aims to 
conduct a comparison study on these models to identify the 
most suitable model for calculating the frequency response of 
an iron-cored transformer winding. 
The organisation of the paper is as follows. Section II 
presents three different high frequency models of transformer 
windings. Section III presents the winding geometry of a 
model transformer and the parameter calculations of this 
model. Section IV presents the results obtained from the 
simulations by applying the above three models on the 
prototype transformer. The FRA measurements on the model 
transformer are also presented. The comparisons have been 
made to compare the accuracy of the three models. Section V 
concludes the paper. 
II. HIGH FREQUENCY MODELLING OF TRANSFORMERS 
Modelling the transformer for high frequency analysis is 
not the same as that for power frequency. The degree of 
complexity in high frequency modelling is mainly due to the 
complex arrangement of circuit elements that represent the 
high frequency response of winding sections. At higher 
frequencies wave length of the signals are comparable with 
winding geometry and therefore it is impossible to use a 
simple transformer equivalent circuit representation. 
For the comparison of several modelling methods, few 
assumptions and limitations during the modelling have to be 
made. Firstly, the mutual inductance between the adjacent 
windings is not included due to limited modelling ability. 
Secondly, at frequencies higher than 10 kHz, losses due to 
hysteresis and eddy current in core are neglected since the 
depth of flux penetration into the core is extremely low [5]. 
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1Abstract—This paper proposes a methodology to interpret 
frequency response measurements of a deformed transformer 
winding due to conductors tilt. To achieve that, geometrical 
parameters of a three phase prototype transformer is used to 
simulate the frequency response of one of the windings using the 
multi-conductor transmission line model. To simulate the 
response, inter-turn, inter-disc and inter-winding capacitances 
of the winding based on normal and deformed conditions are 
computed using finite element method. Using the computed 
values, the frequency response for both normal and deformed 
conditions are simulated. The simulated responses are studied 
by subdividing into four frequency regions and compared using 
the correlation coefficient. For further analysis, the vector fitting 
algorithm was implemented to approximate the transfer 
function of each response. All transfer functions are then 
represented in the Nyquist diagram to analyse the shape of each 
plot. From the Nyquist diagram, it was observed that the real 
minimum of each plot increases as the winding deformation 
increases. This finding can be used to estimate the winding 
deformation severity based on the plotted attributes. 
Index Terms--Frequency response analysis, multi-conductor 
transmission lines, transfer functions, transformer windings. 
I. INTRODUCTION 
Power transformers are constantly subjected to 
mechanical, thermal and electrical stresses during operation 
[1]. These stresses will eventually contribute to the mechanical 
deformation on transformer components especially the 
windings. To detect any mechanical change on power 
transformers, the best available method is by performing 
frequency response analysis (FRA) measurement on the 
transformer winding. FRA measures the transfer function 
response of the winding on a wide frequency range. Typically 
the range of interest is between 20 Hz to 2 MHz [2]. One can 
verify whether any deformation has occurred by comparing 
two FRA measurements of a winding in good condition and 
after certain damage was suspected. These verifications 
mostly depend on years of experience performing FRA 
measurements and transformer internal inspections to analyse 
                                                          
This work was supported financially in part by the Universiti Tun 
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Electrical Engineering, The University of Queensland, Australia. 
and understand the measurement. A comprehensive 
interpretation scheme has not yet been established to perform 
the analysis. Therefore, the CIGRE Working Group A2.26 
report [3] has called for further investigations for improving 
the FRA interpretation. 
In order to improve the interpretation schemes, it is 
important to understand how does any damage changes the 
winding frequency response. One may begin by representing 
the winding in the form of an electrical circuit. This circuit 
consists of electrical parameters such as resistance, 
capacitance and inductance. The damage on the winding will 
cause these parameters to be altered because they are 
dependent on the winding geometry. Using this concept as 
suggested in [3], many researches employed the electrical 
modelling of the winding to simulate the frequency response. 
There are several methods available to model the frequency 
response of a winding. One of the methods is the multi-
conductor transmission line (MTL) model where each 
conductor in the winding is represented as a transmission line 
[4]. Although there are other approaches available, the MTL 
model is accurate and sufficient as has been discussed in [4]. 
Various deformations on windings can also be simulated with 
these models in order to study corresponding frequency 
responses. 
Windings in power transformers may experience different 
types of deformations over its active lifetime. Reference [3] 
comprehensively discusses all deformations in general from 
the FRA point of view. Most of the available research papers 
regarding the study of winding deformation for FRA are on 
the axial displacement and the radial deformation. Such 
deformations have been discussed in [5-8]. Another 
deformation known as the disc space variation has been 
discussed in [8-10]. The damages due to short circuit forces 
has been discussed in [8]. In [3], winding deformation due to 
conductor tilting is presented. Based on the available 
literature, very little research has been done on conductor 
tilting and most of them are not for the purpose of FRA. 
Therefore, it is essential to do further studies on tilting 
deformation and its effect on the winding frequency response. 
The main objective of this paper is to study the tilting of 
conductors in a transformer winding based on simulated 
978-1-4799-1303-9/13/$31.00 ©2013 IEEE
responses. In addition to that, a methodology to interpret the 
response for assessing the deformation severity will also be 
presented. The organisation of this paper is as follows. Section 
II discusses on simulation of the winding response using the 
MTL model. Section III analyse the results using a common 
statistical indicator, which is the correlation coefficient (CC). 
Section IV presents further analysis on the results using the 
vector fitting and the Nyquist diagram and finally section V 
concludes this paper. 
II. SIMULATION ON THE DEFORMED WINDING 
A.  The MTL Model 
The frequency response of a transformer winding can be 
simulated using an electrical circuit representation of the 
winding. From the previous study in [4], MTL was found to 
be a suitable method to study the tilting of conductors as it can 
represent the conductor arrangement in the modelling. In MTL 
implementation, each conductor or turn in a winding is 
considered as a single transmission line. The transmission line 
equations of voltage and current in the frequency domain are 
given as [4]: 
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Here, V(x) and I(x) are the voltage and the current 
distribution of the transformer winding in the form of a matrix. 
LIZ n ωjRs +=  and CGY ωj+=  are the impedance and the 
admittance matrices which represent the arrangement and 
geometrical information of the winding. In is the identity 
matrix and ω is the angular frequency. Four electrical 
elements were used to construct matrix Z and Y, namely 
resistance Rs, conductance G, capacitance C and inductance L. 
Matrix C is constructed based on the arrangement of each 
conductor. The guidelines for generating matrix C is provided 
in [4] as: 
Cii The sum of capacitances between conductor i to 
adjacent conductor in the same winding and adjacent 
winding. 
Cij The capacitance between conductor i and conductor j 
multiplied by -1 with the condition i ≠ j. 
As given in the guidelines, matrix C contains three types 
of capacitance, namely inter-turn capacitance Ct, inter-disc 
capacitance Cd and ground capacitance Cg. These capacitances 
are dependent on the geometry of conductor and insulation. 
Therefore, if physical damage such as the tilting of conductors 
occurred on the winding, the value of Ct, Cd and Cg will be 
altered. 
B. The Tilting of Conductors 
A short-circuit fault will produce extremely large current 
that generates massive axial compressive forces on the 
winding [1]. Such forces are capable to give instability to the 
winding shape, such as conductor tilting, if it exceeds the 
permissible mechanical strength of the winding structure. The 
winding strength that resists the axial force consists of two 
different forces. The mechanical resistance given by the 
conductor from being deformed, and the frictional force at the 
corner of the conductor during the tilting [11]. The illustration 
of two conductors in normal and tilted positions is given in 
Fig. 1. The axial force acting on the conductors is coming in 
both directions, top and bottom. Therefore, the tilted 
conductors usually come in as a pair and in adjacent discs. 
 
(a) (b) 
Figure 1.  (a) Normal and (b) tilted conductors. 
In this study, an interleaved winding from a core type three 
phase transformer is selected to record the geometrical 
information such as the conductor size. This is the same 
transformer used in the previous study in [4]. Since it is rather 
difficult to replicate the deformation on an actual winding, the 
deformation is simulated via the finite element method (FEM). 
FEM is used to obtain the value of Ct, Cd and Cg of the 
winding at normal and tilted condition. The results are 
presented in Table I. 
TABLE I.  CAPACITANCES FOR NORMAL AND DEFORMED WINDING 
Condition Capacitance (F) 
Ct 
Normal 1010672 −×.  
Tilted (20°) 1010412 −×.  
Cd 
Normal 1210859 −×.  
1 disc tilted (20°) 1210038 −×.  
2 discs tilted (20°) 1210727 −×.  
Cg 
Normal 1110302 −×.  
Tilted (20°) 1110761 −×.  
 
From the table, all three types of capacitance for tilted 
conductors are slightly reduced compared to normal condition. 
This agrees with the fundamental concept with referring to 
Fig. 1 that as the distance between two conductors increases, 
the capacitance decreases. There are two deformed conditions 
of the inter-disc capacitance which are one disc and two discs 
tilted. For one disc tilted, only the top or bottom conductor 
suffers deformation while for two discs tilted, both top and 
bottom conductor are deformed. The computed capacitances 
are then used in the MTL model to simulate the frequency 
response of the normal and deformed winding. Five deformed 
winding scenarios are simulated according to the percentage 
of the winding damage. For example, 10% of winding damage 
refers to 4 discs tilted out of total 40 discs in the winding as 
given in Table II. 
TABLE II.  SIX CONDITIONS OF THE SIMULATED WINDING  
Damage percentage Winding condition 
0 % Normal 
10 % 2 pairs out of 40 discs tilted 
20 % 4 pairs out of 40 discs tilted 
30 % 6 pairs out of 40 discs tilted 
40 % 8 pairs out of 40 discs tilted 
50 % 10 pairs out of 40 discs tilted 
 
Based on the conditions listed in table II, frequency 
responses of normal and deformed winding are simulated. 
Results are demonstrated in Fig. 2. Since the MTL modelling 
is based on the end-to-end short circuit configuration, no 
resonance or anti-resonance exist at low to medium frequency 
region. Therefore, only frequency responses above 200 kHz 
are presented. 
 
Figure 2.  The simulated frequency response of the transformer winding for 
normal and deformed conditions. 
From Fig. 2, we can see that the winding response seems 
to be shifting slightly to lower frequencies as the percentage of 
winding deformation increases. In order to measure the 
response shifting, two reference points are taken to record 
their frequency and magnitude. The reference points are the 
first and second anti-resonance, which exist between 300 and 
500 kHz. The frequency and magnitude of these reference 
points are presented in table III. For the first anti-resonance of 
all winding responses, it moves from 354 kHz at 0% of 
winding damage to 340 kHz at 50% of winding damage which 
is only 14 kHz of difference. In terms of the magnitude, it 
does not show any trend in increase or decrease. Similarly for 
the second anti-resonance, it decreases from 433 kHz to 417 
kHz as the percentage of the winding damage increase, 
whereas the magnitude has no tendency to continuously 
increase or decrease. It is worth to mention that for this 
finding, the shifting trend appears to be similar to the 
frequency response of a similar case discussed in [3]. 
TABLE III.  FREQUENCY AND MAGNITUDE OF THE ANTI-RESONANCE 
Damage 
percentage 
1st anti-resonance 2nd anti-resonance 
Magnitude 
(dB) 
Frequency 
(kHz) 
Magnitude 
(dB) 
Frequency 
(kHz) 
0 % -71.53 354 -77.20 433 
10 % -74.05 350 -75.32 430 
20 % -72.60 347 -76.82 428 
30 % -72.89 346 -76.50 424 
40 % -71.63 344 -76.59 422 
50 % -73.98 340 -75.32 417 
III. STATISTICAL INDICATOR 
Commonly, comparison between two frequency responses 
is performed using a statistical indicator to investigate the 
transformer’s mechanical condition. Several statistical 
indicators are available for comparison such as root mean 
square error (RMSE) and spectrum deviation (SD). However, 
the most preferable in the FRA is the correlation coefficient 
(CC) or also known as the cross-correlation coefficient. It is an 
indicator of the degree of the similarity between two sets of 
numbers as given in (3). If two sets of numbers are perfectly 
matched, the value of CC is 1, whereas if there is no 
resemblance between these two sets, the value is 0.  
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In order to implement the CC for evaluating the 
transformer condition, one approach is to compute the value 
according to the sub-band frequency of the response. As 
suggested in [2], the winding frequency response can be 
separated into four different frequency sub-bands as each of 
them is influenced by specific transformer components and 
failures. By dividing the wide frequency band of the winding 
response into four sections, we can narrow down which 
transformer component probably suffers deformation. This is 
given in table IV [2]. Consequently, four CCs are computed 
between the response of the normal winding and each of all 
winding conditions. The results are given in table V.  
TABLE IV.  FREQUENCY SUB-BAND FAILURE SENSITIVITY  
Frequency sub-
band (kHz) 
Transformer 
components 
Failure Sensitivity 
< 2 Main core bulk and 
winding inductance 
Core deformation, open 
circuits, shorted turns and 
residual magnetism 
2 to 20 Bulk component 
and shunt 
impedance 
Bulk winding movement 
between windings and 
clamping structure 
20 to 400 Main windings Deformation within the main or 
top windings 
400 to 1000 Main windings, top 
windings and 
internal leads 
Movement of the main and top 
winding, ground impedance 
variation 
TABLE V.  CC ACCORDING TO THE PERCENTAGE OF DAMAGE 
Frequency 
sub-band 
(kHz)
Percentage of Winding Damage 
0 % 10 % 20 % 30 % 40 % 50 % 
< 2 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 
2 to 20 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
20 to 400 1.0000 0.9999 0.9996 0.9995 0.9991 0.9986 
400 to 
1000 
1.0000 0.9943 0.9890 0.9727 0.9609 0.9464 
 
For the 10% winding damage, CCs for two highest 
frequency regions which are 0.9999 and 0.9943 denote that 
there is a slight variation between the responses from 20 kHz 
to 1 MHz. Although the change of CC from 1 to 0.9943 is 
very small and insignificant, it shows that the CC is very 
sensitive to small differences. Again from table V, all CCs for 
the frequency region between 20 kHz to 1 MHz are less than 1 
from 10% to 50% of winding damage. Based on these 
findings, couples with guidelines in table V, indicates that 
variation between the responses is a result of deformation in 
the main winding. This is true since the simulated deformation 
is only on the main winding. 
Reference [2] provides three benchmark limits for the CC, 
which will give an estimation of the winding condition. The 
winding is believed to be in good condition if the CC is 
between 0.98 to 1. The winding is believed to be in marginal 
condition if the CC is between 0.96 to 0.97. Lastly, the 
winding should be investigated if the CC is less than 0.96. 
Referring back to table V, the CC of the 50% winding damage 
for frequencies between 400 kHz and 1 MHz shows a value of 
less than 0.96. Therefore, according to the benchmark, it 
recommends to perform an internal inspection if only 50% of 
the winding is deformed. 
IV. PROPOSED INTERPRETATION SCHEME 
A. The Vector Fitting 
Vector fitting is an algorithm for estimating a transfer 
function from a frequency response, which is published in 
[12]. By estimating the amount of starting poles in the 
algorithm, it will iteratively generate a transfer function which 
its frequency response will be compared with another 
frequency response given as a reference. The produced 
transfer function will be in the form of pole-residue 
representation. In order for the vector fitting algorithm to 
converge, it is necessary to estimate a suitable number of 
starting poles. As suggested in [13] a rough estimation can be 
done based on the idea that every pole creates a local 
resonance peak in the response. Therefore, their approach is to 
divide the whole response into several segments according to 
the local minima. Afterwards, the vector fitting algorithm is 
performed on each segment of the response using two starting 
poles. If the algorithm does not converge to a given 
requirement, it will repeat with the amount of starting poles 
increased by another two. Using this approach, a suitable 
number of poles for the whole frequency response can be 
determined. In this paper, a simpler approach is used to 
estimate the number of starting poles. Initially, the vector 
fitting algorithm is executed using two starting poles with the 
iteration limit is fixed at 10. The loop termination criteria are 
the RMSE between the estimated and the reference frequency 
responses is less than 0.00001. If the algorithm does not 
converge until it reach the 10th iteration, the amount of starting 
poles will be increased by two and the whole procedure is 
repeated. Once the RMSE has reached the desired value, the 
algorithm will stop and the amount of poles required for the 
convergence is recorded. The Nassi-Shneiderman diagram or 
structogram of the vector fitting algorithm used in this paper is 
shown in Fig. 3. The algorithm is performed on each of 
simulated responses in Fig. 2 to obtain the transfer function. 
By having the transfer function of each response, further 
analysis for establishing an interpretation scheme using the 
Nyquist diagram can be implemented as discussed in 
subsection B. 
 
Figure 3.  Structogram for the vector fitting algorithm. 
B. The Nyquist Diagram 
Nyquist diagram is commonly used in the control system 
analysis to determine the stability of the system. It is presented 
in Cartesian coordinates where the imaginary and real parts of 
the transfer function are plotted on the Y and X axes 
respectively. It is believed that the diagram was first 
implemented in [6] as an interpretive tool for the FRA 
measurement. It would be feasible to analyse the winding 
condition using the Nyquist plot rather than directly from the 
frequency response [6]. Moreover, since each winding 
generates a unique response depending on the type and size, it 
will be difficult to produce a general interpretation scheme 
that covers all windings. Therefore by using the Nyquist 
diagram, a simple circular shape is plotted for various 
windings. 
 
Figure 4.  The Nyquist plot for the simulated frequency response of the 
transformer winding. 
The authors in [6] studied radial deformation on a winding 
by plotting the transfer function of the response on the Nyquist 
diagram. By examining the shape of the plot, the location of 
the damage can be determined. Similarly, the vector fitting 
was used to obtain the transfer function from the frequency 
response. In this paper, all transfer functions are plotted in a 
Nyquist diagram as presented in Fig. 4. From the figure, the 
plotted Nyquist curve appears to be shrinking as the 
deformation severity increases. To examine the correlation 
between them, the minimum value of the real part, Remin of 
each plot is recorded and the differences between the Remin of 
0% and 10%, 0% and 20%, and so on are computed. The 
absolute difference, |∆Remin| versus the percentage of damage 
is plotted in Fig. 5. From the figure, a positive linear 
relationship between the percentage of winding damage and 
the absolute difference can be observed. As the percentage of 
winding damage increases, the absolute difference also 
increases. Although there is no further simulation was 
performed for deformed winding of higher than 50%, it is 
believed that the absolute difference will be higher than 
0.0022. In addition, an equation is derived as in (4) from Fig. 
5 which can be used to determine the severity of winding 
deformation from the absolute difference. This equation can 
also be implemented in developing an automated FRA 
interpretation scheme. 
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Figure 5.  The absolute difference versus the percentage of deformed 
winding. 
V. CONCLUSIONS AND FUTURE WORKS 
In this paper, a common winding deformation called the 
tilting of conductors is studied. The MTL model was used to 
simulate the frequency response of an interleaved winding 
from a core type three phase transformer. Six winding 
conditions were simulated according to the percentage of 
winding. Using the correlation coefficient as an indicator to 
measure the degree of dissimilarity between two responses, all 
responses were compared against the normal winding 
response. Based on the correlation coefficient computed on 
four frequency regions, we can estimate faulted components 
which caused the deviation in the response. To analyse 
further, the vector fitting was implemented to obtain the 
transfer function of each simulated response. The transfer 
function is then plotted in the Nyquist diagram in order to 
assist analysing the results. Finally, a linear relationship 
between the absolute difference and the percentage of damage 
was observed. For future work, a more comprehensive FRA 
interpretation scheme will be developed based on current 
findings. 
REFERENCES 
[1] A. Marinesu and C. L. Ungureanu, "About Axial Clamping Force 
Monitoring at Power Transformer Windings During Their Active 
Lifetime," Annals of the University of Craiova, Electrical Engineering 
series, pp. 58 - 61, 2008. 
[2] G. M. Kennedy, A. J. McGrail, and J. A. Lapworth, "Transformer 
Sweep Frequency Response Analysis," Energize, pp. 28 - 33, October 
2007. 
[3] P. Picher, J. Lapworth, T. Noonan, and J. Christian, "Mechanical 
condition assessment of transformer windings using frequency 
response analysis," Cigre Report 342, 2008. 
[4] M. F. M. Yousof, C. Ekanayake, T. K. Saha, and M. Hui, "A Study on 
Suitability of Different Transformer Winding Models for Frequency 
Response Analysis," in Power and Energy Society General Meeting, 
2012 IEEE, 2012, pp. 1-8. 
[5] P. Karimifard, G. B. Gharehpetian, and S. Tenbohlen, "Determination 
of axial displacement extent based on transformer winding transfer 
function estimation using vector-fitting method," European 
Transactions on Electrical Power, vol. 18, pp. 423-436, 2008. 
[6] P. Karimifard, G. B. Gharehpetian, and S. Tenbohlen, "Localization of 
winding radial deformation and determination of deformation extent 
using vector fitting-based estimated transfer function," European 
Transactions on Electrical Power, vol. 19, pp. 749-762, 2009. 
[7] E. Rahimpour, J. Christian, K. Feser, and H. Mohseni, "Transfer 
function method to diagnose axial displacement and radial 
deformation of transformer windings," Power Delivery, IEEE 
Transactions on, vol. 18, pp. 493-505, 2003. 
[8] M. Bigdeli, M. Vakilian, and E. Rahimpour, "A New Method for 
Detection and Evaluation of Winding Mechanical Faults in 
Transformer through Transfer Function Measurements," Advances in 
Electrical and Computer Engineering, vol. 11, pp. 23-30, 2011. 
[9] E. Rahimpour and S. Tenbohlen, "Experimental and theoretical 
investigation of disc space variation in real high-voltage windings 
using transfer function method," Electric Power Applications, IET, 
vol. 4, pp. 451-461, 2010. 
[10] E. Rahimpour, M. Jabbari, and S. Tenbohlen, "Mathematical 
Comparison Methods to Assess Transfer Functions of Transformers to 
Detect Different Types of Mechanical Faults," Power Delivery, IEEE 
Transactions on, vol. 25, pp. 2544-2555, 2010. 
[11] S. V. Kulkarni and S. A. Khaparde, Transformer Engineering: Design 
and Practice, 1 ed. New York: Marcel Dekker Inc, 2004. 
[12] B. Gustavsen and A. Semlyen, "Rational approximation of frequency 
domain responses by vector fitting," Power Delivery, IEEE 
Transactions on, vol. 14, pp. 1052-1061, 1999. 
[13] M. Heindl, S. Tenbohlen, A. Kraetge, M. Kruger, and J. L. Velasquez, 
"Algorithmic Determination of Pole-Zero Representations of Power 
Transformers' Transfer Functions for Interpretation of FRA Data," in 
Proceedings of the 16th International Symposium on High Voltage 
Engineering, Johannesburg, 2009. 
 
 
Australasian Universities Power Engineering Conference, AUPEC 2013, Hobart, TAS, Australia, 29 September - 3 October 2013 
Locating Inter-disc Faults in Transformer Winding 
U sing Frequency Response Analysis 
M. F. M. Yousof, C. Ekanayake, and T. K. Saha 
School of Infonnation Technology and Electrical Engineering 
The University of Queensland 
St. Lucia, Queensland, Australia 
fairouz@ieee.org 
Abstract-Frequency response analysis (FRA) is a technique 
for evaluating the mechanical integrity of power transformers. 
This paper proposes a methodology to locate inter-disc fault in a 
transformer winding through FRA measurements. A core-type 
three phase transformer is used for simulating faults on several 
locations along the interleaved winding, from top to bottom end. 
Correlation coefficient, vector fitting and Nyquist plot are 
employed to assist in the analysis. By drawing the transfer 
function of the winding response on Nyquist plot, key information 
is extracted and two equations are developed to locate the fault. 
Keywords- transformer; frequency response analysis; transfer 
function; winding 
I. INTRODUCTION 
Power transfonner is one of the most important and 
expensive asset for power utilities. The life expectancy of a 
transformer is typically between 20 to 30 years. It is the main 
interest for the utilities to prolong the operation of the 
transformer while avoiding any breakdown or failure. However, 
it is possible that a transfonner's life maybe shorten due to lack 
of monitoring and maintenance practices. To monitor the 
transformer's condition, there are various methods available that 
can be employed. All of these methods can be categorized into 
electrical, mechanical or chemical approaches. For assessing the 
mechanical integrity of power transfonner, frequency response 
analysis (FRA) is widely accepted as the best method. 
In FRA, the electrical response of a winding is measured by 
supplying a wide range of frequency signal from one terminal of 
the winding and measure the output signal at the other end. 
Various test configurations are employed for FRA 
measurements on three phase transfonners. These 
configurations are described in detail in [1]. One of them is 
shown in Fig. 1. The ratio between the measured voltage and 
the reference voltage over a wide frequency range is the transfer 
function response of the winding. This response does not only 
contain information regarding features of the winding, but also 
the core and the insulation system. In majority of FRA analysis, 
magnitude versus frequency plot is used since it is easier to 
evaluate the attributes of the response especially the resonances. 
Comparative analysis is performed between the latest and 
reference FRA measurements to estimate whether the 
transformer suffers any defect. Since FRA is extremely 
sensitive to winding movement, slight mechanical changes in 
the transformer will cause the response to be altered. Therefore, 
by comparing two responses to observe for any dissimilarity, 
the status of the transformer can be determined. 
Gen 
Fig. 1. End to end short circuit test configuration 
During operation, a power transformer may experience a 
variety of faults or damages on its components. One of the 
common damages of the transformer winding is the short circuit 
fault, which occurs due to the failure of insulation between two 
conductors. The fault can either be an inter-turn or inter-disc 
fault. Inter-turn fault is the short circuit fault between two 
conductors in the same disc whereas inter-disc fault is in the 
adjacent discs. A slight change in the mechanical properties of 
the winding will cause the winding's response to be altered. 
Several research works which investigate the fault from the 
FRA perspective are discussed in [2-5]. One of the main 
challenges in FRA analysis is to interpret the measured winding 
response for a more meaningful result such as the location of 
the fault. 
In this paper, a methodology is proposed for locating the 
inter-disc fault in the transformer winding using the FRA. The 
fault is artificially simulated on the winding at several locations 
axially along the winding. All faults and normal condition of the 
winding are measured using FRA equipment to obtain the 
corresponding winding responses. Correlation coefficient is 
employed to quantify the disagreement between the normal and 
faulted winding responses. The sensitivity table of the response 
is also used in conjunction with correlation coefficient to 
determine the cause of the response variation. For further 
analysis, vector fitting algorithm and Nyquist plot are applied 
on all responses to identify the inter-disc fault location on the 
winding. 
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II. FAULT SIMULATION AND FRA MEASUREMENT 
In this investigation, a core-type three phase transformer as 
shown in Fig. 2 is used. The transformer consists of six 
windings and each has different type of conductor arrangement. 
Only the high voltage interleaved winding is used to simulate 
the inter-disc fault. The winding has 14 turns on each disc with 
a total of 40 discs. A transformer tap is available at every two 
discs along the winding making it feasible to create the fault. 
Two taps are connected using a short cable to simulate the short 
circuit fault between two adjacent discs. The frequency 
responses of the winding at normal and faulty conditions are 
measured. 
Fig. 2. Core-type three phase transformer. 
TABLE!. INTER-DISC FAULT LOCATION ON THE WINDING 
Fault between Winding Fault between Winding 
discs label discs label 
1-2 Top I 39-40 Bottom I 
5-6 Top 2 35 -36 Bottom 2 
9-10 Top 3 31-32 Bottom 3 
13-14 Top 4 27 -28 Bottom 4 
17 -18 Top 5 23 -24 Bottom 5 
For the test configuration, the end to end short circuit as 
shown in Fig. 1 is used. The reason for selecting this 
configuration is to avoid the influence of the transformer core in 
the measurement since it is not related to the fault. 11 
measurements are performed on the winding consisting of one 
measurement at normal winding condition and 10 
measurements from the winding at 10 different fault locations. 
The fault locations are listed in table I. Each fault is labeled to 
identify the winding location. 
To present the results, all measured responses are divided 
into two figures. Fig. 3 shows the FRA measurements of normal 
and faulted conditions where fault is in the top half of the 
windings. Fig. 4 shows the FRA measurements of normal and 
faulted conditions where fault is in the bottom half of the 
windings. In both figures, the typical shape of an interleaved 
winding response can be observed. In general, the response of 
an interleaved winding will have a negative slope at medium 
frequencies, followed by a dominant antiresonance and finally a 
positive slope at the high frequency region. This is mainly due 
to the high series capacitance of the winding. 
Each response has a constant magnitude of 0 dB at low 
frequency region from 20 Hz to 1 kHz which indicates that the 
voltage ratio of output to input is 1. Therefore during this 
frequency region, there is no influence of the impedance from 
the winding or the core on the response because the output 
voltage is equivalent to the input voltage. 
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Fig. 3. Comparison of FRA measurements of normal and faulted conditions 
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Fig. 4. Comparison of FRA measurements of normal and faulted conditions 
(fault in bottom halt). 
As the frequency increases, the response begins to show 
negative slope from 1 kHz to 100 kHz. This is due to the 
leakage inductance of the winding which dominates the 
response at medium frequencies. Since the measurement is 
performed using end to end short circuit configuration, the 
influence of magnetizing inductance from the core is excluded. 
By observing the zoomed plot in Fig. 3 and Fig. 4, the 
faulted response can be seen increased in magnitude compared 
to the normal response. This is the result from the reduction of 
the leakage inductance from the inter-disc fault. In addition to 
that, as the fault moves towards the center of the winding, the 
response increased higher in magnitude. This implies that the 
reduction of the leakage inductance is higher if the fault occurs 
closer to the winding center. 
At high frequency region, a dominant antiresonance where 
the response reaches the lowest magnitude can be noticed 
between 100 kHz and 1 MHz. The antiresonance occurs when 
the impedance of the winding becomes highest at a particular 
frequency. This incident is caused by the parallel combination 
between the inductance and capacitance of the winding. As the 
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frequency increases, the magnitude of the response also 
increases thus producing a positive slope from about 800 kHz 
and above. The response in this region is primarily governed by 
the capacitance of the winding. 
Comparing all responses in Fig. 3 and Fig. 4, close 
similarities exist between faults at top and bottom winding. For 
example, fault at top 1 has the same response as fault at bottom 
l. This is due to the winding symmetry. For example top 1 and 
bottom 1 faults are located close to the end terminal of the top 
and bottom winding respectively. 
III. STATISTICAL INDICATOR 
Besides examining the winding response based on the slope 
and resonance, it is also a common practice to employ statistical 
indicators. Statistical indicator is used for measuring the 
disagreement between two responses. Several indicators are 
available but the correlation coefficient (CC) is probably used 
widely. CC compares two sets of numbers and if these two are 
exact matched; the value of CC is 1. However, if there is no 
correlation between them, the value of CC is O. Equation (1) 
defmes the Cc. From the equation, Xi and Yi is the i-th value 
from data series of X and y. x and ji are the mean value of data 
series of x and y. CC is computed between the normal and 
faulted responses. 
cc = I:�I(Xi - x) . (y, - ji) 
JI:�l(Xi -X) 'I:�l(Yi - ji) 
(1) 
TABLE II. 
Frequency sub-
band (kHz) 
<2 
2 to 20 
20 to 400 
400 to 1000 
SENSITIVITY OF THE RESPONSE ACCORDING TO FREQUENCY 
SUB-BAND 
Transformer Failure Sensitivity 
components 
Main core bulk and 
Core deformation, open circuits, 
winding inductance 
shorted turns and residual 
magnetism 
Bulk component 
Bulk winding movement between and shunt 
impedance 
windings and clamping structure 
Main windings 
Deformation within the main or 
top windings 
Main windings. top Movement of the main and top 
windings and winding, ground impedance 
internal leads variation 
In order to analyze responses using CC, the indicator should 
be computed on several frequency sub-bands as suggested in 
[6]. The user should defme the sub-bands according to the 
observed response. In addition, the reference also provides a 
table which could identity the possible component that caused 
variation in the response. table II shows the sensitivity of the 
frequency response according to transformer components and 
failures [6]. 
Based on the observed responses, four sub-bands are defmed 
according to the influence of the winding parameters. The 
computed CC for every sub-band has been recorded in table III. 
The fIrst frequency sub-band consists of the no impedance 
influenced region from 20 Hz to 1 kHz. All CCs for this sub-
band are l.000 which indicates that there is no variation 
between the two compared responses. 
The second frequency sub-band covers the negative slope 
from 1 kHz to 100 kHz. This sub-band comprises the effect of 
the winding inductance. Even though the inter-disc fault has 
altered the effective inductance, all CCs for this sub-band are 
0.999, which could lead to a wrong interpretation as it indicates 
the winding is in good condition. 
The third frequency sub-band is from 100 kHz to 1 MHz. 
This sub-band consists of resonance and antiresonance of the 
response which influenced by both inductance and capacitance. 
The inter-turn fault has changed these electrical parameters 
leading to create resonance and antiresonance at different 
frequencies. For this sub-band, the lowest computed CC is 
0.671 when the fault is located at top 2 whereas the highest CC 
is 0.954 when the fault is located at top 4. The CCs are not 
consistent where there is a large different in value between 
0.671 and 0.954. There is no defInite trend can be observed on 
the responses. 
The fourth frequency sub-band is from 1 MHz to 2 MHz 
which is influenced by the winding capacitance. In overall, all 
CCs in this sub-band showed value of more than 0.96 which is 
considerably high indication of good correlation. Since CCs for 
the third sub-band have the lowest value, it has been taken has 
the best region for identitying the inter-disc fault. As proposed 
in table III the response in this region is sensitive to the winding 
movement or deformation. 
TABLE Ill. CORRELATION COEFFICIENT ACCORDING TO FREQUENCY 
SUB-BAND 
Top Winding 
Frequency Correlation coefficient 
sub-band (Hz) I 2 3 4 
20-lk 1.000 1.000 1.000 1.000 
Ik- IOOk 0.999 0.999 0.999 0.999 
lOOk-1M 0.847 0.671 0.933 0.954 
1M-2M 0.993 0.980 0.974 0.992 
Bottom Winding 
Frequency Correlation coefficient 
sub-band (Hz) I 2 3 4 
20-lk 1.000 1.000 1.000 1.000 
Ik -lOOk 0.999 0.999 0.999 0.999 
lOOk-1M 0.854 0.712 0.920 0.948 
1M-2M 0.996 0.987 0.965 0.985 
IV. PROPOSED METHODOLOGY 
A. Vector Fitting 
5 
1.000 
0.999 
0.945 
0.989 
5 
1.000 
0.999 
0.946 
0.988 
Vector fItting is an algorithm for estimating transfer function 
from the magnitude and phase plots. The estimated transfer 
function will be a rational function in the form of a sum of 
partial fractions as (2). The algorithm employs an iterative 
approach where the poles of the rational function will be 
relocated every repetition until the desired accuracy has been 
achieved. 
In this application, the criterion for the algorithm to stop the 
iteration is based on the root mean square error (RMSE) 
between the reference and the estimated plots. This may also be 
called as the quality of the approximation. If the algorithm can 
achieve very low RMSE, the estimated rational function has a 
good quality. For the algorithm to stop, a good initial estimation 
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of the number of starting poles, N is required. This is because 
the poles are related to the resonances in the frequency 
response. Having very little poles will not produce an accurate 
transfer function whereas overestimating will be unnecessary. 
N e 
/(5)= L -"-+d+sh 
11-1 s -all 
Where: N = number of starting poles in pair 
en = residues 
an = poles 
d and h = real coefficients 
(2) 
To estimate the number of poles required, this paper 
employs a simple and automated approach. Initially, two pairs 
of starting poles are allocated and the iteration runs until it 
reached the tenth iteration. After the last iteration, the algorithm 
computes the root mean square error (RMSE) between the 
reference and the estimated responses. For the RMSE not less 
than 0.00001, the algorithm increased the number of starting 
poles by two and run the process again. Once the algorithm 
reaches the required RMSE, the fmal estimated transfer function 
is recorded. With the transfer function of each response has 
been obtained, it is possible to further analyze it in a different 
form such as the pole plot as described [2] and the Nyquist plot 
as applied in [7]. 
B. Pole Plot 
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In Fig. 5, poles from the transfer function of normal and top­
faulted winding conditions are plotted. With careful 
observation, there is no particular movement of the poles as the 
fault shifts from top 1 to top 5. For that reason, it is difficult to 
establish an interpretation scheme from the pole plot. This 
appears to be the same for normal and bottom-faulted winding 
conditions as given in Fig. 6. Therefore one could conclude that 
pole location analysis is not a suitable approach to analyze this 
type of fault. 
C. Nyquist Diagram 
Plotting the transfer function on the Nyquist diagram is 
commonly applied in the control system stability analysis. In 
[7], the Nyquist diagram is used as an interpretation tool for the 
FRA responses. It shows that by analyzing the shape of the plot 
drawn on the Nyquist diagram, the location of the deformed 
winding can be determined. Based on that idea, the Nyquist 
diagram is also utilized in this study for locating the inter-disc 
fault within the winding. 
The transfer function is initially in s-domain, it is then 
converted into the frequency domain and its value is computed 
for several frequency points from 20 Hz to 2 MHz. Each 
computed value is plotted in X-Y axis. X axis and Y axis are for 
the real value and imaginary value of the transfer function 
respectively. All transfer functions are plotted on the Nyquist 
diagram in Fig. 7 and Fig. 8 for top and bottom windings. 
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Fig. 7. Nyquist plots of normal and faulted conditions (fault in top half). 
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Fig. 8. Nyquist plots of normal and faulted conditions (fault in bottom half). 
As shown in Fig. 7, each transfer function produced a semi­
circle plot. On the inset, it can be observed that as the location 
of the fault moves from top 1 to top 5, the imaginary value of 
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the corresponding plot is increased. As has been explained 
earlier, each point in the Nyquist plot is the real and imaginary 
value of the transfer function at a particular frequency. The 
curvature of the plot where it reaches the lowest imaginary 
value is actually corresponds to the transfer function in the 
medium frequency region which is influenced by the 
inductance. A similar variation of Nyquist plots observed in Fig. 
8. 
All minimum imaginary values from each plot in Fig. 7 and 
Fig. 8 are recorded in table IV for developing an automated 
scheme to locate an inter-disc fault. An indicator labeled as the 
absolute difference, 1L11mminl is introduced to compare the 
minimum imaginary value between the normal and faulted 
winding plots. From table IV, linear relationship can be 
observed between the absolute difference and the fault location. 
As the location of the fault moves from the end to the center of 
the winding, the absolute difference increases. 
TABLE IV. 
Minimum 
imaginary 
Absolute 
difference 
FLI 
Minimum 
imaginary 
Absolute 
difference 
FLI 
MINIMUM IMAGINARY VALYE AND ABSOLUTE DIFFERENCE 
FOR Top AND BOTTOM WINDING 
Normal Top I Top 2 Top 3 Top 4 Top 5 
-0.456 -0.453 -0.451 -0.448 -0.445 -0.443 
0 0.003 0.006 0.008 0.012 0.014 
0 0.1 0.3 0.5 0.7 0.9 
Normal Bottom Bottom Bottom Bottom Bottom 1 2 3 4 5 
-0.456 -0.454 -0.451 -0.447 -0.444 -0.442 
0 0.002 0.006 0.009 0.012 0.014 
0 0.1 0.3 0.5 0.7 0.9 
With this relationship, two equations for top and bottom 
winding can be constructed. To generate these equations, a fault 
location index (FLI) is introduced as an indicator of the fault 
location. For normal winding condition, the index is O. If the 
fault is located between disc 1 and 2 or at the 15t pair of discs 
from the top winding end, the index is 0.1. Similarly for the 
fault located between disc 39 and 40 or at the 15t pair of discs 
from the bottom winding end, the index is 0.1. For index 1.0, 
the fault is at the pair of discs which is closest to the winding 
center. Equation (3) and (4) represent the linear relationship 
between the fault location index and the absolute difference for 
top and bottom portions of the winding respectively. 
ILllmmin 1-8.9 xl 0-4 
FLI . .  = "--- -""::.!..----lOp Winding 0.0147 
ILllmmin l-6.7 x 10-4 
FLIb . d' = "------"--'-----ol1om Win Ing 0.016 
ILllmmin l-7.8 x 10-4 
FLI = '--- -""''-'-- --averoge 0.0154 
(3) 
(4) 
(5) 
As shown in Fig. 9, by plotting (3) and (4), it can be noticed 
that these two lines are almost identical. Therefore, an average 
line is computed as (5) which represent both top and bottom 
winding. With this equation, the location of the fault between 
the end and the center of the winding can be determined. 
Although it is important to mention that with the equation, the 
fault can still be either at the top or bottom half of the winding. 
However, the inter-disc fault is most likely to occur on the top 
winding which is constantly exposed to a higher temperature 
(faster insulation degradation) than the bottom half of the 
winding. 
0.01Sr--,--,-----.---,------,-----,----.---,----r----,
0.Q16 
""� 0.014 
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0.2 0.3 0.4 0.5 0.6 0.7 O.S 0.9 Fault location index 
Fig. 9. Linear relationship between the absolute difference and the fault 
location index. 
V. CONCLUSION 
In this paper, the occurrence of inter-disc fault on the 
transformer winding is studied from FRA perspective. An 
interleaved winding is used to mechanically simulate the fault 
for several locations along the axial axis. FRA measurement is 
performed with faults in different locations to obtain the 
corresponding winding responses. It is found that faults located 
at the top and bottom half of winding at a similar distance from 
center have almost identical responses. The correlation 
coefficient and the response sensitivity table are successfully 
used to identify winding deformation or movement. A new 
method for fault location is proposed by employing the vector 
fitting algorithm and the Nyquist diagram. Using this method, 
the winding response is drawn in a Nyquist plot. A 
methodology based on trend of the variation of the minimum 
imaginary value of Nyquist plot is used to identify the fault 
location. It has been observed that this value increases as the 
fault appears closer to the center of the winding. From this 
trend, two linear equations are obtained for the top and bottom 
part of the winding. A general equation is also computed which 
can also be applied for locating both top and bottom winding 
faults. 
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Abstract—This paper investigates the sensitivity of frequency 
response analysis (FRA) on the structure of transformer 
winding. Frequency response of a winding is simulated using the 
multi-conductor transmission line (MTL) model based on the 
winding parameter. Subsequently, several responses of the same 
winding are also simulated with varying its original parameter. 
This is to observe the winding response sensitivity. This paper 
also studies the response sensitivity on mechanical deformation 
for three different windings. It is to determine whether a 
deformation will produce similar response changes of any 
winding. Additionally, three statistical indicators are employed 
to measure the sensitivity and assess the performance of each 
indicator. 
Index Terms—Frequency response analysis, power transformer, 
transformer winding, winding deformation. 
I. INTRODUCTION 
Frequency response analysis (FRA) is widely recognized 
as the best approach to determine mechanical integrity of a 
power transformer. Even though few other methods are 
available to achieve the same objective, FRA is better in a way 
that it is sensitive to find problems on windings, laminated 
core and insulation system. FRA test measures the frequency 
response of a transformer. It is a comparative method, where 
two frequency responses of the same transformer winding are 
required for analysis. The first response is measured from the 
transformer at new or good condition. This is normally 
referred as the baseline response. The second response is 
measured when it is required to assess the transformer 
mechanical condition. Variation between two responses can 
confirm if the damage has occurred. In the case where the 
baseline response is not available, it can be substituted with 
response from other phases or even from other transformer 
with similar in construction. However, it will be slightly less 
accurate especially the latter. Reference [1] compared three 
measured responses from three identical single phase 
transformers to observe an accuracy level. The result 
interestingly showed a good match. 
To obtain the frequency response of a transformer, FRA 
equipment supplies sinusoidal voltage signal at one 
transformer terminal and measure the output signal at another 
terminal. The signal frequency varies from 20 Hz to 2 MHz. 
The result will be two plots of magnitude versus frequency 
and phase versus frequency. International Council on Large 
Electric System (CIGRE) from Working Group A2.26 
published a brochure [2], which listed four test types for 
making the leads connection between the FRA equipment and 
the transformer. One of them is the end-to-end short circuit 
test, which will be employed in this paper. For this test type, 
the measurement is performed on either HV or LV winding 
with the other winding shorted. This will remove the influence 
of the core on the response. By removing this element, 
analysis on the winding response will be easier and accurate. 
Transformer frequency response is sensitive towards 
winding deformation. The winding parameter such as the 
conductor size, number of turns and the thickness of paper 
insulation can be translated into electrical parameters. These 
parameters are the conductor skin resistance, R, capacitance 
between two conductors, C, conductivity due to the loss of 
insulation, G and winding inductance, L. The deformation 
changes the winding electrical parameter and consequently the 
frequency response. This concept is utilized to study the 
response behavior based on simulation. Various types of 
winding deformation have been covered in the literature. 
Several of these are: 
x Radial deformation [3]-[5] 
x Axial displacement [3], [5] 
x Axial bending [3], [4] 
x Disc space variation [6] 
However, each of these winding damages was studied on 
one winding without comparing with other windings. Since 
the response of every transformer is different, it will be 
interesting to examine the same damage on several different 
windings. This will help to determine whether the same 
damage will produce similar response variation for different 
windings. Eventually, this could help to generalize the 
response behavior on a specific type of damage. 
In order to answer this question, this paper utilized the 
multi-conductor transmission line (MTL) model to simulate 
the winding frequency response. In the first part of this paper, 
a winding response is simulated based on the winding physical 
parameter. Subsequently by varying the parameters, several 
responses are simulated again. This is to observe the response 
sensitivity on the winding construction. In the second part, this 
paper studied the response sensitivity on two different winding 
damages. These are the tilting and bending of conductors. For 
each defect, the investigation is conducted on three different 
windings. This is to understand whether similar damage will 
produce similar response movement for all windings. 
Additionally, three statistical indicators are employed to 
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measure the response variation. This is to assess the 
performance of each indicator on both winding defects. 
This paper is arranged as follows. Section II discusses the 
theoretical aspect of two different winding deformations. 
Section III addresses the methodology applied in this paper to 
investigate the winding response sensitivity. This covers the 
transformer electrical parameters, the MTL model and the 
statistical indicators. The main investigation is presented in 
section IV. This contains the winding response sensitivity 
study on the variation of winding parameter and deformation. 
Finally a conclusion is provided in section V. 
II. MECHANICAL DEFORMATION 
The tilting and bending of conductors are winding 
deformations due to large electromagnetic forces produced 
from external fault current. The forces comprise of axial and 
radial components. Some conductors in the winding could be 
tilted at a small angle due to the axial component as depicted 
on Fig. 1(a). These forces compress the winding from top and 
bottom causing a zigzag pattern as shown in the figure [4]. 
This condition changes all winding capacitances. However, 
the winding inductance should remain the same since 
parameters that determine the inductance are not affected. 
The bending of conductors is also a winding defect caused 
by the axial compressive forces. It has been discussed in 
several literatures such as [4] and [3]. In this case, the forces 
could cause sections on the disc between supporting spacers to 
be bent or sagged as shown in Fig. 1(b). It changes the axial 
distance between two conductors, which governs the mutual 
inductance. For an example, mutual inductances between the 
normal conductor located at the top winding and all bent 
conductors below it will slightly decrease. This is because the 
effective distance between two conductors has now been 
increased. In the case of winding capacitance, only the 
capacitance between normal and bent conductor will slightly 
change due to the increasing or decreasing of insulation gap. 
Capacitance between two bent conductors, however, is 
assumed to be the same since the insulation gap is not 
affected. 
III. METHODOLOGY 
A. Transformer Electrical Parameters 
The mechanical deformation that occurred on the winding 
changes the electrical parameters. However, the affected 
parameter is dependent on the type of damage. For example, 
the tilting of conductors will change all capacitances. These 
are the inter-turn capacitance, Ct, the inter-disc capacitance, Cd 
and the inter-winding capacitance, Cw. On the other hand, the 
axial bending of conductors will only change the inter-disc 
capacitance. This concept is used to study winding 
deformation and simulate the winding frequency response 
using the MTL model. To obtain all three capacitances, (1), 
(2) and (3) are applied. These equations are based on the 
cylindrical capacitor formula instead of the parallel plate 
capacitor formula. Here, r1,outer and r2,inner are the outer and 
inner radius of conductor 1 and 2 respectively. router and rinner 
are the inner and outer radius of conductor 1 or 2. rHV and rLV 
are the inner and outer radius of HV and LV windings 
respectively. l is the surface height. d is the distance between 
conductor 1 and 2. ε is the dielectric permittivity. 
Additionally, these values are also compared with values 
obtained using finite element method (FEM). 
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B. Multi-conductor Transmission Line Model 
Each conductor or turn in a transformer winding is 
considered as a transmission line in the MTL model. 
Therefore, the winding voltage and current in frequency 
domain can be determined as (4) and (5). 
)x(ZI
dx
)x(dV   (4) 
)x(YV
dx
)x(dI   (5) 
In the equations, I and V are current and voltage vectors. Z 
and Y are the impedance and admittance matrices representing 
the electrical parameters of the winding. The admittance 
matrix consists of all three winding capacitances and their 
following conductances, Gt, Gd and Gw. The impedance matrix 
consists of resistance, R due to the conductor skin effect and 
the self- and mutual-inductances, L and M of the winding. 
Once Z and Y matrices are formed as described above, (4) and 
(5) can be solved to calculate current and voltage at the 
terminals. Consequently, input and output voltages of the 
winding can be obtained to produce the voltage ratio, Vout/Vin 
for the winding frequency response. A detailed explanation of 
the mathematical procedure for solving these equations is 
available in [11]. 
C. Statistical Indicators 
A normal practice to measure the dissimilarity between 
responses is to employ statistical indicator. Various indicators 
have been proposed in the literature. However, correlation 
coefficient (CC) is commonly referred and exercised by the 
utilities due to this being embedded in the software of certain 
commercial FRA equipment. Absolute sum of logarithmic 
error (ASLE) and comparative standard deviation (CSD) are 
the two indicators proposed in [7] and [8]. These indicators are 
employed in this sensitivity study to assess their performance. 
Equations for these indicators are given in (6), (7) and (8). xi 
and yi are the i-th value of the data series of x and y. N is the 
  
(a) (b) 
Fig. 1  Winding deformation. (a) The tilting of conductors. (b) The bending 
of conductors. 
total data in x or y. A perfect match between two responses is 
indicated by 1 for CC and 0 for ASLE and CSD. As the 
similarity between responses reduces, CC will decrease from 1 
to smaller value, while ASLE and CSD will increase from 0 to 
higher.  
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IV. SENSITIVITY ANALYSIS ON THE WINDING 
A. Winding Response Sensitivity: Winding Parameter 
FRA measurement is highly sensitive on the winding 
construction. To examine this sensitivity, winding response is 
simulated using the MTL model by varying winding 
parameters. The winding selected for this study is referred to 
as winding B and its parameters are given in Table I. To 
determine which parameter should be varied, several different 
windings are compared as given in the table. These windings 
and their physical parameters are available in [9], [10], and [5] 
for winding A, B and C respectively. Some of the common 
variations on the parameter are the number of turn, conductor 
dimension and the insulation thickness between HV and LV 
windings. These parameters are chosen to be used in this 
study. Each is modified separately to observe the winding 
response sensitivity. The number of turn is increased from 9 to 
11 per disc. The thickness of inter-winding insulation is 
increased by 2 mm. The thickness of insulation covering the 
conductor is increased by 1 mm. 
The results are illustrated in Fig. 2. From the figure, we 
can observe and categorize two response movements. These 
are the shifting of resonances to lower or higher frequencies. 
Results show that by increasing the number of turn or the 
thickness of conductor insulation, all resonances will shift 
toward lower frequencies. The former increases the winding 
inductance while the latter decreases all winding capacitances. 
On the other hand, by increasing the inter-winding insulation 
thickness, resonances will shift toward higher frequencies. 
This is due to the decreased inter-winding capacitance. Even 
though the variation of winding parameters is not significant, 
it has substantial influence on the response. This finding 
suggests that it is particularly important to compare 
transformer response with an exact construction match. This is 
however only applies when baseline response from the 
transformer on test is not available. 
B. Winding Response Sensitivity: The Tilting of Conductors 
This section investigates the sensitivity of winding 
response under the condition where some conductors are 
tilted. Normal and deformed winding responses are compared 
for three different windings. This is to observe the response 
sensitivity on the winding damage with the variation of 
winding construction. Parameters of all windings are given in 
Table I. Winding capacitances are computed based on these 
parameters. Additionally, since winding defect changes the 
original structure, new capacitances are recalculated. 
Regarding the defect, affected conductors are assumed to be 
tilted at a 20° angle. This assumption is made based on the 
figure of an actual damage in the case study presented in [2]. 
All computed capacitances are given in Table II. These values 
are required to simulate normal and deformed winding 
responses using the MTL model. 
Fig. 3 shows responses of normal and deformed winding 
A. It can be observed from the figure, the damage has caused 
the response to slightly shifts toward lower frequencies. This 
also reduced the magnitude of the anti-resonance which 
appeared at around 400 kHz. Fig. 4 shows responses for 
winding B. In this case, the deformation has caused the 
response to shifts toward higher frequencies. This is probably 
due to the winding arrangement, which is continuous instead 
of interleaved as in the previous case. Additionally, 
resonances located at higher frequencies are shifted larger than 
TABLE II 
ANALYTICAL COMPUTATION OF THE CAPACITANCE FOR CONDUCTOR TILTING TYPE DEFORMATION 
Type of capacitance Condition 
Capacitance per unit length (F/m) 
Winding A Winding B Winding C 
Analytical FEM Analytical FEM Analytical FEM 
Inter-turn (Ct) 
Normal 4.770×10-10 4.807×10-10 3.067×10-10 3.068×10-10 8.518×10-11 8.519×10-11 
Tilted 4.212 ×10-10 4.338×10-10 2.708×10-10 2.727×10-10 7.522×10-11 7.286×10-11 
Inter-disc (Cd) 
Normal 1.704×10-11 1.758×10-11 1.704×10-11 1.705×10-11 1.381×10-11 1.382×10-11 
1 disc tilted 1.532×10-11 1.434×10-11 1.525×10-11 1.510×10-11 1.234×10-11 1.220×10-11 
2 discs titled 1.323×10-11 1.379×10-11 1.313×10-11 1.340×10-11 1.060×10-11 1.078×10-11 
Ground (Cg) 
Normal 5.962×10-11 5.530×10-11 7.666×10-11 7.670×10-11 7.967×10-12 7.645×10-12 
Tilted 4.194×10-11 4.071×10-11 5.108×10-11 5.272×10-11 6.541×10-12 6.319×10-12 
 
Fig. 2  Sensitivity of winding response on variation of parameters. 
TABLE I 
PARAMETERS OF THREE DIFFERENT WINDINGS 
Parameters A B  C 
Arrangement Interleaved Continuous Continuous 
Number of disc 40 60 62 
Number of turn per disc 14 9 6 
Conductor height 5.6 mm 9 mm 6 mm 
Conductor height with insulation 6 mm 10 mm 8.4 mm 
Conductor width 1.2 mm 2.5 mm 3 mm 
Conductor width with insulation 1.6 mm 3.5 mm 5.4 mm 
Inter-winding insulation thickness 3 mm 4 mm 24.4 mm 
resonances at lower frequencies. Fig. 5 shows responses for 
winding C, which is continuous winding type. Similarly to 
winding B, the deformed winding response also shifts toward 
higher frequencies. However, the amount it moves is slightly 
small compared with winding B. 
The variation between responses is measured using three 
statistical indicators, CC, ASLE and CSD. However, only 
responses from 100 kHz to 1 MHz are compared since the 
resonances appeared only in this frequency region. The results 
are given in Table III. Examining computed CC for winding A 
and B, both have values below 0.97 which is normally 
considered to be low. This should clearly indicate or alarm the 
user that the winding has suffered damage. However, winding 
C has a considerably high value at 0.9966 which the user will 
assume the winding is fine. For ASLE, winding A and B have 
values at 1.9407 and 1.9925 which is high and almost 
consistent. On the other hand, winding C has a relatively small 
value at 0.8 which is less than half compared with winding A 
and B. For CSD, winding A and B have different values at 2.7 
and 1.9 respectively. This indicates that the response variation 
is larger on winding A compared with B. However, this 
contradicts with the outcome from CC, where winding B at 
0.8529 has larger response variation compared with A at 
0.9630. 
Overall, finding in this study suggest that even though all 
windings suffered similar severity of damage, the level of 
response sensitivity is different between windings. Regarding 
the response variation, the damage has caused interleaved 
winding response to shift left while opposite for continuous 
winding. For the statistical indicators, result from CSD 
contradicts with CC. This implies that relying only on one 
indicator could lead to an erroneous interpretation. To further 
verify this, a different winding damage is studied using the 
same approach. 
C. Winding Response Sensitivity: The Axial Bending of 
Conductors 
In this section, the winding response sensitivity is studied 
under the condition where some conductors are bent. It is 
assumed that the deformation affected 50% of the total disc 
for all three windings. With referring to Fig. 1(b), it is 
assumed that the damage has increased and decreased the 
insulation space between certain discs. All winding 
capacitances are computed and provided in Table IV. These 
values are applied in the MTL model to simulate the winding 
response. Fig. 6 shows normal and deformed winding 
responses of winding A. It can be observed that the variation 
is hardly visible compared with the previous damage. On the 
inset, it shows that the damage has slightly reduced the 
response magnitude without shifting it. In the case of winding 
B, the deformation has caused the response to slightly shift 
toward lower frequencies. The results are shown in Fig. 7. 
This is opposite to the previous damage where the response 
moves to higher frequencies. Winding C also has the same 
response trend as in winding B. This can be observed on the 
inset in Fig. 8. This damage is closely similar to the one 
studied in [6], where it is called the disc space variation. It is 
due to the variation of insulation space between discs. As in 
the axial bending, this damage only affects the inter-disc 
capacitance and therefore the response variation is very small. 
TABLE IV 
ANALYTICAL COMPUTATION OF THE CAPACITANCE FOR AXIAL BENDING TYPE DEFORMATION 
Type of Capacitance Condition 
Capacitance per unit length (F/m) 
Winding A Winding B Winding C 
Analytical FEM Analytical FEM Analytical FEM 
Inter-turn (Ct) Normal 4.770×10-10 4.807×10-10 3.067×10-10 3.068×10-10 8.518×10-11 8.519×10-11 
Inter-disc (Cd) 
Normal 1.704×10-11 1.758×10-11 1.704×10-11 1.705×10-11 1.381×10-11 1.382×10-11 
Bent (gap increased 50%) 1.203×10-11 1.203×10-11 1.217×10-11 1.217×10-11 1.033×10-11 1.033×10-11 
Bent (gap decreased 50%) 2.921×10-11 2.923×10-11 2.839×10-11 2.841×10-11 2.086×10-11 2.087×10-11 
Ground (Cg) Normal 5.962×10-11 5.530×10-11 6.814×10-11 6.817×10-11 7.967×10-12 7.645×10-11 
 
Fig. 3  Frequency response of normal and damaged winding A due to the 
tilting of conductors. 
 
Fig. 4  Frequency response of normal and damaged winding B due to the 
tilting of conductors. 
 
Fig. 5  Frequency response of normal and damaged winding C due to the 
tilting of conductors. 
TABLE III 
STATISTICAL INDICATORS COMPARING NORMAL AND DEFORMED WINDING 
RESPONSES FOR CONDUCTOR TILTING 
Statistical indicator Winding A Winding B Winding C 
CC 0.9630 0.8529 0.9966 
ASLE 1.9407 1.9925 0.8135 
CSD 2.7488 1.9911 0.5054 
 
This variation has been verified from the experimental study 
in the paper. Statistical indicators are computed and the results 
are provided in Table V. Since the response variation is very 
small, all windings have CC close to 1. For ASLE, winding C 
shows the highest variation at 0.1115 compared with other 
windings which are below 0.1. However for CSD, winding A 
shows the highest variation at 0.3282. 
Finding in this study suggest that even though 50% of the 
winding was axially bent, the response sensitivity is very low. 
This is mainly due to the damage that did not affect certain 
winding parameters. However, the level of response 
sensitivity is fairly consistent on all windings compared with 
the previous damage where winding C is less sensitive. By 
measuring the response variation, all statistical indicators 
showed low value. As in the previous winding damage, CC 
and CSD still show contradicting results where CC suggested 
winding B has larger response variation than winding A while 
vice versa for CSD. CC has more stable performance for all 
three windings compared with other indicators for this 
winding damage. 
V. CONCLUSION 
This paper investigates the sensitivity of transformer 
frequency response on the variation of winding construction. 
In the first part of the study, results show that the response is 
highly sensitive on winding parameters. A minor parameter 
change can cause large response variation. This suggests that 
it is very important to find an exact transformer match for 
making comparison. The second part of the study investigate 
how will a similar deformation changes the frequency 
response for various windings. The result shows the shifting of 
deformed winding response is different between interleaved 
and continuous windings. Furthermore, for the same winding, 
the response sensitivity varies depending on the damage type. 
Therefore, it is difficult to identify the damage type by 
analyzing the response movement. Investigation on the 
statistical indicators shows that CC and CSD have 
contradicting results for both winding damages. This finding 
reveals that by relying on one indicator, it could lead to a 
wrong interpretation. Therefore, two or more indicators are 
recommended to properly assess the response variation. 
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Fig. 6  Frequency response of normal and damaged winding A due to the 
bending of conductors. 
 
Fig. 7  Frequency response of normal and damaged winding B due to the 
bending of conductors. 
 
Fig. 8  Frequency response of normal and damaged winding C due to the 
bending of conductors. 
TABLE V 
STATISTICAL INDICATORS TO COMPARE BETWEEN NORMAL AND DEFORMED 
WINDING RESPONSES FOR AXIAL BENDING 
Statistical indicator Winding A Winding B Winding C 
CC 0.9995 0.9992 0.9995 
ASLE 0.0677 0.0944 0.1115 
CSD 0.3282 0.1480 0.1987 
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ABSTRACT 
Frequency response analysis (FRA) is a widely accepted testing technique to assess the 
mechanical condition of a power transformer. However, it has been reported that FRA 
is also sensitive to non-mechanical parameters such as the temperature and moisture 
content of the insulation. Therefore, further studies are required to investigate the 
ability of FRA on examining the transformer insulation condition. In this paper a study 
based on an insulation degradation of a single phase 5 kVA model transformer is 
presented. Throughout the accelerated insulation degradation process, FRA and 
Frequency Domain Dielectric Spectroscopy (FDS) measurements are performed to 
analyze the degradation condition. Two methodologies are proposed to analyze the 
FRA results based on the relative change of capacitance and change of inter-winding 
capacitance. Results obtained from these approaches are verified with FDS analysis. 
   Index Terms — Power transformers, frequency response analysis, frequency domain 
spectroscopy, insulation ageing. 
 
1 INTRODUCTION 
MONITORING the condition of oil-paper insulation of a 
power transformer is an important practice to determine its 
reliability. As mentioned in [1], there are three notable 
methods to measure the transformer dielectric response, 
namely frequency domain spectroscopy (FDS), polarization 
and depolarization current (PDC) and return voltage 
measurement (RVM). These techniques operate on the 
principal of a slow polarization process of the dielectric 
material. The most important parameter to be considered here 
is the moisture content due to its detrimental effect on the 
insulation condition [1]. On the other hand, Frequency 
Response Analysis (FRA) is a completely different method 
purposely used for assessing the transformer’s mechanical 
condition. Its main function is to determine whether any 
deformation has occurred on the active part (windings, leads 
and core) of the transformer [2]. One common application of 
FRA is to verify whether the transportation of the transformer 
between two locations has caused some damage on the 
internal components. Recently however, several literatures 
have begun to investigate the sensitivity of FRA measurement 
regarding the transformer insulation condition. Various factors 
were considered such as the following: 
1) Moisture content [3, 4]. 
2) Temperature [3-5]. 
3) Presence of oil [3, 5, 6]. 
Regarding the moisture content, authors in [3] investigated 
moisture effect on the transformer by FRA response before 
and after the drying process. Results show that due to the 
process the entire response slightly shifts horizontally toward 
higher frequencies as the moisture content decreases. In a 
simulated study in [4], results show that high moisture content 
can shift the resonance to lower frequencies and at the same 
time damping its peak. The shifting and damping of resonance 
were governed by real and imaginary parts of the complex 
permittivity [4]. Laboratory studies presented in [7, 8] show 
the increase of moisture content causes the cellulose insulation 
to expand thus increase the clamping force. Therefore FRA 
has a potential to identify the change of clamping forces due to 
variation in insulation moisture content. 
On the effect of temperature, authors in [3] conducted a test 
on a dry transformer by varying the surrounding temperature 
while maintaining the moisture content at a certain level. 
Results indicate that the high temperature could cause the 
frequency response to shift slightly towards lower frequencies. 
As discussed in [7, 8] temperature has also an impact on 
clamping forces. Comparing the amount of shift in frequency 
response due to temperature and moisture content, the latter is 
found to be more pronounced. In [4], results from an oil-filled 
transformer shows that the increase of temperature reduces the 
resonant frequency while damping its peak. In [5], two cases 
of temperature effect were presented on two windings, with 
and without oil. By increasing the temperature, results on both 
cases showed an overall response shifted toward lower 
frequencies. However  
FRA measurement has also been found to be sensitive to the 
influence of transformer oil. Reference [6] measured two 
responses of a transformer before and after the oil filling 
process. Results show that the entire response above 100 Hz 
shifts towards the lower frequencies in the presence of oil in 
Manuscript received on 2 May 2014, in final form 21 July 2014, accepted 26 
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 the system. Similar work was also conducted in [3] and [4], in 
which the results suggested the same outcome. The shifting of 
frequency response towards lower frequencies is due to the 
increase of dielectric permittivity from the presence of oil. 
Consequently, the winding capacitance also increases, which 
affects the transformer response [6].  
All these investigations indicate that there is a possibility of 
using FRA to examine transformer dielectric condition, which 
is not categorized as a mechanical fault. However, it seems 
that there is no report that studies the FRA sensitivity on the 
degradation of transformer insulation condition due to the 
influence of normal operating conditions. Normal operating 
conditions here implies the effect of operating temperature and 
loading condition that contribute to the degradation of 
transformer oil-paper insulation condition as a whole. 
Moreover, it is also interesting to compare the FRA results 
with either one of the polarization based methods (FDS, PDC 
and RVM). 
In this paper the sensitivity of FRA measurement on the 
degradation of transformer insulation is investigated. The 
study is performed on a single phase 5 kVA transformer, 
which is subjected to an accelerated insulation degradation 
process for a total of 28 days. FRA and FDS tests are 
conducted throughout the process to assess the insulation 
condition. Based on the FRA test, two methodologies are 
proposed in this paper. The first one is the method of using the 
percentage of capacitance change to assess the insulation 
status and the second one is the computation of inter-winding 
capacitance from the measured FRA response. The former is 
by using the end to end short circuit test while the latter is by 
using the capacitive inter-winding test. Results obtained from 
the FDS test, are used to compare and verify the results of the 
proposed methods. 
This paper is arranged as follows. The test configurations 
for both FRA and FDS are presented in Section 2. This is 
important for understanding the transformer parameters 
measured by each test. After that, Section 3 addresses the 
proposed methodology to obtain the capacitance and the 
percentage of change of capacitance from the FRA 
measurements. To demonstrate the methodology, a case study 
is presented in Section 4, which is based on a model 
transformer subjected to an accelerated ageing process. Here, 
results from FDS and FRA are compared to show the validity 
of the proposed method. Finally, Section 5 concludes the 
paper. 
 
2 TEST CONFIGURATIONS 
2.1 FRA TEST CONFIGURATION 
FRA test configuration is a scheme for connecting the FRA 
equipment with the transformer terminals to measure the 
frequency response. There are four test configurations as listed 
in [2, 6]. Two of them are employed in this paper. These are: 
1) The end to end short circuit test. 
2) The capacitive inter-winding test. 
The connections for these tests are illustrated in Figure 1. 
Most FRA literature only discusses the end to end test. The 
capacitive inter-winding test is hardly investigated despite the 
fact that it is recognized in the CIGRE brochure and the IEC 
standard [2, 6]. The end to end short circuit test applies a 
signal at one terminal of any winding phase and measures the 
output signal at the other terminal of the same winding. 
Additionally, the secondary winding of the same phase is short 
circuited. This will remove the influence of core 
magnetization on the measurement. 
The capacitive inter-winding test applies a signal at one 
terminal of any winding phase and measures the output signal 
at one terminal of the other winding of the same phase. From 
this configuration, as the test name implies, the capacitance 
between two windings highly influences the measurement 
results especially at a low frequency region [6]. In this study 
the measurements for this test are conducted using 
commercially available FRAX 150 Sweep Frequency 
Response Analyzer [9] measurement accuracy of which is 
±0.5 dB for magnitudes above -100 dB. Repetitive FRA 
measurements on the same system under similar conditions at 
different occasions confirmed that maximum absolute 
difference between two repetitive measurements is 0.4 dB for 
magnitudes above -100 dB.   
2.2 FDS TEST CONFIGURATION 
FDS has three different test configurations depending on 
which capacitance to be measured. These are capacitance 
between HV and LV windings (CHL), capacitance between 
HV winding and ground (CH) and capacitance between LV 
winding and transformer core (CL). However, this paper only 
presents the results from CHL measurements, which is the 
most common FDS measurement in field applications. The 
CHL test measures the real, C’ and imaginary, C” parts of 
complex capacitance of the insulation between HV and LV 
windings [10]. In this test, the influence of winding and core 
condition on measured capacitance is negligible. The test 
configuration is shown in Figure 2. This is to some extent 
  
(a) (b) 
Figure 1. FRA test configurations for single phase transformer. (a) End to 
end short circuit test (b) Capacitive inter-winding test. 
 
 
Figure 2. FDS CHL test configuration for single phase transformer. 
 
 relatively similar to the FRA capacitive inter-winding test. All 
FDS measurements presented in this paper were conducted 
using commercially available Insulation Diagnosis System 
IDA 200 [11] measurement accuracy of which is 0.5%+1 pF.  
3 THE PROPOSED METHODOLOGY 
3.1 THE EFFECT OF INSULATION CONDITION ON 
ELECTRICAL PARAMETERS  
Capacitances are distributed within the winding, namely the 
inter-turn capacitance, Ct inter-disc capacitance, Cd inter-
winding capacitance, Cw and ground capacitance, Cg [12]. 
Capacitance varies according to the oil-paper insulation 
condition. This is because the complex relative permittivity of 
oil-paper is dependent on moisture content and temperature. 
The dielectric material requires an electric field at low 
frequencies to be completely polarized. On the other hand, at 
high frequencies, as mentioned in [13], the effect of complex 
susceptibility of the dielectric material is weakened resulting 
in a flat dielectric response. For this reason, the real part of 
complex permittivity has a constant value at high frequencies. 
Reference [13-15] presented a study on the effect of moisture 
and temperature on paper and pressboard between 0.1 mHz 
and 1 MHz. For both conditions, results show that the real part 
of complex relative permittivity, ε’ has a constant value or flat 
response from about 1 Hz to 1 MHz. Within this frequency 
range, ε’ is slightly sensitive toward the moisture content and 
the temperature. In the case of imaginary component, ε”, it 
tends to decrease as the frequency increases until it reaches a 
minimum value before increasing at a slow rate. 
In the case of winding inductance, it will not be affected by 
the moisture content in the insulation system as mentioned in 
[3]. However, the inductance is subjected to temperature 
change on the winding. This is because the permeability of a 
magnetic material is dependent on temperature. Nevertheless, 
this effect can be negligible since very high temperature is 
required to effectively change the permeability of a magnetic 
material. This is shown by a study in [16]. 
Transformer frequency response from end to end short 
circuit tests at HV and LV terminals exhibit multiple 
resonances and anti-resonances. From the FRA perspective, a 
parallel combination of inductance and capacitance produces 
anti-resonance (local minimum) as shown in Figure 3. Since 
complex capacitance comprises of real and imaginary 
components, each component has its own influence on the 
anti-resonance. To explain this behavior, frequency responses 
are simulated based on three different values of complex 
capacitance. These are shown in Figure 3. By only changing 
(multiplied by 2) the real capacitance, C’ the anti-resonance 
frequency is altered. On the other hand, by changing 
(multiplied by 5) the imaginary capacitance, C”, gain at the 
anti-resonance is altered. This clearly illustrates the effect of 
these parameters on the resonance. 
3.2 CAPACITANCE RATIO OF THE END TO END 
TEST 
The imaginary part of complex relative permittivity consists 
of resistive loss and dielectric loss [1]. Therefore, these losses 
will influence the gain at the anti-resonance or resonance. This 
is presented in [4], where the simulated study showed that an 
increase of the imaginary component is caused to raise the 
gain at anti-resonance. However, it is important to mention 
that this condition is valid if C” is much lower than C’. This is 
because if C” is high with respect to C’ it will greatly alter the 
frequency at anti-resonance or resonance as well. In a practical 
case, this should not be a concern since for frequencies above 
10 Hz, C’ (10-10 F) is much higher than C” (10-12 F). This is 
evident from the FDS results in Figures 7 and 8. 
The changes of capacitance can actually be computed from 
transformer FRA measurements. This can be explained with 
the equation of the resonance frequency of a parallel LC, 
which is given as (1). Assuming that the inductance remains 
unchanged, the capacitance ratio is achievable from the 
frequency as (2). Here, C1 and C2 are capacitances from the 1
st 
and 2nd measurement of transformer frequency response. f1 
and f2 are the resonance frequencies. Additionally, the 
percentage of change of capacitance, ∆C% can be determined 
from the capacitance ratio. The equation is given as (3). The 
application of this equation only considers the real capacitance 
since the imaginary capacitance only affects the resonance 
magnitude and not the frequency. Since ε’ is dependent on 
moisture content of the insulation as discussed in the previous 
section, it is possible to observe this parameter using the 
percentage of change of capacitance. The use of capacitance 
ratio has also been presented in [3, 5]. 
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3.3 CAPACITANCE OF THE CAPACITIVE INTER-
WINDING TEST 
A methodology to obtain the capacitance from the 
capacitive inter-winding response is also proposed here. To 
explain this we may refer to Figure 4. The figure shows a 
fundamental circuit representing the inter-winding 
capacitance, Cinter-winding of a transformer, which is measured 
using the capacitive inter-winding test. Here, the capacitance 
is considered as a complex capacitance to observe the 
influence of real and imaginary components. Such a circuit 
produces frequency response with a continuous positive slope 
 
Figure 3. Frequency responses of a RLC circuit based on three different 
values of complex capacitance. 
 
 as shown in Figure 5. A typical FRA measurement from the 
capacitive inter-winding test will exhibit such a trend 
indicating a dominant influence of the component. However, 
this circuit may be valid only in the low frequency region. It 
was mentioned in [6] that the influence of inter-winding 
capacitance is dominated in low frequencies although the 
reference did not specifically defined the frequency range. 
With the circuit, three frequency responses are simulated 
based on three different values of complex capacitance. Here, 
real and imaginary capacitances are multiplied by 1.5 to 
observe their influence on the frequency response. Results are 
provided in Figure 5. As shown in the figure, only the real part 
of complex capacitance influences the magnitude. Changes on 
the imaginary part did not demonstrate any effect as it is 
overlapping with the initial response. As in the previous case, 
this condition is true when C” is much lower than C’, which is 
practically valid. 
The input and output voltage ratio of the circuit in Figure 4 
can be obtained as (4). 50 Ω is the input impedance of the 
FRA equipment. By knowing that C is extremely small (in 
×10-10 F), we can neglect the imaginary component with in the 
considered frequency limit as in (5). Therefore, the absolute 
value of (4) can be simplified as in (6). With (6), it is possible 
to obtain the inter-winding capacitance. Since C’ is practically 
higher than C”, equation (6) represents the real part of 
complex capacitance. 
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4 CASE STUDY 
In this study, a single phase 5 kVA oil filled transformer 
was utilized to examine its insulation condition using FRA and 
FDS. The transformer was hermetically sealed to prevent oil 
contact with oxygen and water from external environment. 
Moreover, to further improve this, a nitrogen gas cushion was 
also provided above the oil level. The transformer was 
subjected to an accelerated insulation degradation process 
thermally and electrically. The thermal stress was applied 
using a heating element installed inside the tank. The electrical 
stress was applied by loading the transformer with a resistive 
load bank connected to the HV terminals. The ageing was 
conducted for a time period equal to 28 days (672 hours). Both 
FDS and FRA measurements were performed on the 
transformer after every seven days of the degradation process. 
Details of the transformer condition during every 
measurement are described in Table 1. Before conducting both 
measurements, the transformer temperature was regulated at 
50 °C for 3 days. The FDS test was performed from 1 mHz to 
1 kHz. For the FRA, the test was performed from 20 Hz to 2 
MHz as suggested in [6] for a transformer rated below 100 
kV. This is because measurement above 2 MHz will most 
likely be affected by a repeatability problem [6]. 
4.1 FDS MEASUREMENT 
Results from the FDS test are provided in Figures 7 and 8 as 
the real and imaginary parts of complex capacitance. It can be 
observed in Figure 7 that the real capacitance is a constant 
Vs
50Ω Cinter-winding
Vref
50Ω 
Vout
50Ω 
 
Figure 4. Circuit representing the inter-winding capacitance from the 
measurement. 
 
 
Figure 5. Frequency responses of the inter-winding capacitance with three 
different complex capacitance values. 
 
 
Figure 6. Internal view of the transformer taken during the manufacturing 
process. 
 
Table 1. Accelerated Ageing Process Applied on The Transformer. 
Measurement Transformer Condition 
1
st
 Before accelerated ageing 
2
nd
 
After 7 days of accelerated ageing 
Loading at 30A and heating at 110°C 
3
rd
 
After 14 days of accelerated ageing 
Loading at 30A and heating at 110°C 
4
th
 
After 21 days of accelerated ageing 
Loading at 30A and heating at 110°C 
5
th
 
After 28 days of accelerated ageing 
Loading at 30A and heating at 110°C 
 
 value from about 1 Hz to 1 kHz. Based on previous studies 
one can assume that this flat response will continue up to 1 
MHz [15]. Within this frequency region there is a slight 
variation between each capacitance. This indicates that the 
insulation degradation process has a minor influence on the 
real capacitance. On the other hand, the imaginary capacitance 
as in Figure 8 shows a large variation between each 
measurement on all frequencies. A XY model based program 
developed by the second author of this paper was used to 
estimate the moisture content in model transformer solid 
insulation [15]. As insulation design is known corresponding 
XY values were calculated accordingly (X= 38%; Y= 16%). 
The automatic fitting procedure in the program is used to 
estimate the moisture content and oil conductivity through 
minimizing the mean error between measured and modelled 
responses. Modelled response was derived using the 
calculated XY parameters and a database of moisture 
dependent dielectric response of pressboard. These estimated 
moisture contents are given in Table 2. The table shows that 
the moisture content has increased gradually from 0.7% to 
3.2% after 28 days of the accelerated degradation process. The 
moisture increment for each degradation process with 
reference to the moisture content before the degradation 
process is also computed as shown on the second row of Table 
2. 
Since the complex capacitance is known from the 
measurement, the percentage of change of capacitance, ∆C% 
as in (3) can be computed. Even though this parameter is not 
considered in traditional FDS analysis, it is considered here 
for comparison with FRA results. Therefore, ∆C% is 
computed for every frequency point between 20 Hz and 1 
kHz, which is the common frequency band for FDS and FRA. 
Here, only the real part of complex capacitance is taken into 
account. Corresponding results are given in Table 3, in this 
table, ∆Cx1% is the value between the x
th (7(x-1) days of 
ageing) and first (before ageing) measurements. The average 
value of the percentages are obtained and plotted in Figure 9 
against the increment of moisture content taken from Table 2. 
The figure shows that there is an almost linear correlation 
between the percentages of change of capacitance with the 
increasing amount of moisture content. 
4.2 HV END TO END SHORT CIRCUIT TEST 
In the first FRA measurement, the end to end short circuit 
test was performed on the HV winding. The measured 
responses of four different degradation levels and before 
ageing are provided in Figure 10. In this test configuration, the 
transformer response at low frequencies is dominated by the 
conductor resistance. This influence exhibits an almost 
constant magnitude from 20 Hz to 200 Hz in Figure 10. 
At medium frequencies, the response is governed by the 
winding inductance. This is evident by the negative slope from 
200 Hz to 30 kHz. A closer view of the slope is shown on the 
left inset. It shows that all responses are overlapping each 
other indicating that the inductance is not affected by the 
ageing process. The interaction between inductance and 
capacitance produces the anti-resonance as appeared at 30 
 
Figure 7. Real part of the complex capacitance of the model transformer. 
 
 
Figure 8. Imaginary part of the complex capacitance of the model 
transformer. 
 
Table 2. Moisture Condition of Transformer Insulation. 
 
Before 
ageing 
7 days 
ageing 
14 days 
ageing 
21 days 
ageing 
28 days 
ageing 
Pressboard moisture (%) 0.7 2.6 2.9 3.1 3.2 
Moisture increment after 
ageing  
- 1.9 2.2 2.4 2.5 
 
Table 3. Percentage of Change of Capacitance from FDS CHL Test 
f (Hz) ∆C21(%) ∆C31(%) ∆C41(%) ∆C51(%) 
20 4.3 6.1 7.7 7.9 
50 4.4 6.1 7.2 7.3 
70 4.2 5.7 6.9 7.0 
100 4.1 5.5 6.6 6.8 
222 3.9 5.2 6.2 6.4 
470 3.8 4.9 5.9 6.0 
1000 3.7 4.8 5.7 5.7 
Average 4.1 5.5 6.6 6.7 
 
 
Figure 9. The percentage of change of capacitance obtained from FRA and 
FDS tests against the increment of moisture. 
 kHz. 
At higher frequencies the response is governed by the 
capacitive element of the HV winding. This feature can be 
observed on the response from 30 kHz to 1 MHz. In this 
frequency region, slight variations between responses have 
occurred due to the insulation degradation process. This is 
clearly shown on the right inset. The response has shifted 
towards lower frequencies as the ageing activity increases. 
This behavior is due to the increasing of insulation 
permittivity mainly contributed from the increasing of 
moisture content. Since this is due to the change of insulation 
permittivity, stray capacitances are also affected by the same 
factor [6]. 
To determine the percentage of change of capacitance, 
frequencies of selected resonances and anti-resonances are 
taken for the computation to be used on (3). The percentage of 
change of capacitance and the average value are provided in 
Table 4. The table shows that on the 2nd response the 
capacitance has increased 2.0% on average due to the ageing 
process. The increment continues gradually up to 5.7% on the 
5th response which is 28 days of ageing. These percentages are 
also compared against the increment of moisture content and 
plotted in Figure 9. The figure shows that the percentage from 
this test also has an almost linear correlation with the 
increment of moisture content. Furthermore, comparing with 
the FDS plot both lines have similar percentage increment 
rates (i.e. same slope). One could not expect the same 
percentage change of capacitance from FRA and FDS as 
capacitance that affects the measurements of these two 
techniques are different. Therefore, only the trend of 
percentage increment is compared here. However, most 
importantly it also shows the correlation with the increment of 
moisture content. This supports the capacitance percentage 
method employed on this test. 
Resonances and anti-resonances to compute ∆Cx1, have 
been selected only when such feature present on all responses. 
For example in Figure 11, this type of resonance (shown 
within the box) has been avoided in computing the ∆Cx1. 
4.3 LV END TO END SHORT CIRCUIT TEST 
The end to end short circuit test was also performed on the 
LV winding. Measured responses are illustrated in Figure 12. 
In the figure the low frequency response shows a constant 
magnitude which is visible from 20 Hz to 2 kHz. This region 
is associated with the winding resistance. Comparing with the 
HV winding response this region is much wider, most likely 
due to low inductance of the LV winding. A low value of 
inductance will cause the negative slope to appear at much 
 
Figure 10. Frequency responses from the HV end to end short circuit test. 
 
Table 4. Percentage of change of capacitance for selected frequencies from 
HV End To End Short Circuit Test. 
f1 (MHz) ∆C21(%) ∆C31(%) ∆C41(%) ∆C51(%) 
0.0317 1.5 4.7 4.7 4.7 
0.1626 1.5 3.1 4.7 6.3 
0.1954 1.5 4.7 6.3 6.3 
0.2729 2.3 4.7 5.9 5.9 
0.3027 2.3 3.5 4.7 5.9 
0.5024 2.3 3.5 5.9 7.2 
0.5200 1.2 3.5 4.7 4.7 
0.5835 2.3 3.5 4.7 4.7 
0.6110 2.3 4.7 5.9 7.2 
1.5525 2.3 4.7 5.9 5.9 
1.7023 2.3 4.7 4.7 4.7 
1.9545 2.3 3.5 5.9 4.7 
Average 2.0 4.1 5.4 5.7 
 
 
Figure 11. Peaks on certain responses that are suppressed will cause an 
inaccuracy when computing the ratio. 
 
Figure 12. Frequency responses from the LV end to end short circuit test. 
 
Table 5. Percentage of change of capacitance for selected frequencies from 
LV End To End Short Circuit Test. 
f1 (MHz) ∆C21(%) ∆C31(%) ∆C41(%) ∆C51(%) 
0.1233 3.1 4.7 6.3 6.3 
0.1416 3.1 4.7 6.3 8.0 
0.3319 4.7 7.2 8.4 7.2 
0.8242 5.9 7.2 9.6 10.9 
0.9909 4.7 7.2 8.4 8.4 
1.7220 2.3 4.7 7.2 7.2 
1.8665 2.3 3.5 4.7 5.9 
Average 3.7 5.6 7.3 7.7 
 
 higher frequencies. Therefore it is important to point out that 
the constant magnitude response in the low frequency region 
may not be visible in a large size transformer. This is due to 
large winding inductance which will force the slope to develop 
at lower frequencies effectively suppressing the constant 
magnitude response. 
Observing on the left inset which is a closer view of the 
negative slope, it shows that there is no variation between 
responses. This supports the finding in the HV winding where 
the winding inductance is not affected by the ageing process. 
The main anti-resonance can be observed at about 300 kHz. 
It is located at ten times the frequency of the main anti-
resonance of the HV winding response. This is due to the LV 
winding inductance being much lower than the HV winding 
inductance. The response continues to increase in magnitude 
from 300 kHz to 2 MHz which is governed by the winding 
capacitance. The right inset shows a closer view of the 
responses at high frequencies. It clearly displays that the 
ageing process has caused the response to be shifted towards 
the lower frequencies. 
As in the previous procedure, the percentage of change of 
capacitance can be obtained from the frequencies of 
resonances and anti-resonances. The percentage change for 
selected frequencies and the average value are provided in 
Table 5. For the LV winding, the 2nd response shows an 
overall increment of 3.7% of the original winding capacitance. 
This is gradually increased with the ageing process. At the 5th 
response, the overall increment has reached 7.7%. These 
percentages are also plotted in Figure 9. It demonstrates that 
the percentage has a reasonably linear relationship with the 
increment of moisture content. It also has a similar increment 
rate (i.e. slope) with the other two plots. Observing on the 
percentage value, the FRA LV test has higher percentages 
than the HV test due to different insulation construction. The 
effective HV and LV capacitances consist of different 
proportions of oil and paper and therefore moisture change in 
paper insulation affect HV and LV winding responses 
differently.  
4.4 CAPACITIVE INTER-WINDING TEST 
The capacitive inter-winding test was conducted to analyze 
its sensitivity on the transformer insulation ageing process. 
Measured responses are presented in Figure 13. The frequency 
response from this test exhibits an increase of magnitude from 
20 Hz to 2 MHz. This indicates the dominant influence of the 
inter-winding capacitance. Small resonances and anti-
resonances appeared intermittently in between. As shown on 
the left inset, the ageing process has caused the response to 
shift towards a higher gain. The increase of gain indicates that 
the inter-winding capacitance has been increased. This is true 
since the ageing process produces more moisture content 
consequently increasing the insulation permittivity. However, 
this trend appears for responses less than 1 kHz. As presented 
in right inset of Figure 13, an oscillation on the response is 
observed around 2 kHz after ageing. According to [17] this 
oscillation appears in a typical capacitive inter-winding 
response of a transformer. This oscillation is most likely due 
to core magnetization as core influence is dominant in the 
response at low frequencies [6, 17]. Furthermore, change of 
inter-winding capacitance and insulation resistance with 
ageing may also have an impact on the magnitude of the 
oscillation. However, further experimental validation is 
required to confirm the cause of it. Therefore, in this paper, 
the observed oscillation around 2 kHz has not been used for 
any interpretations. 
Equation (5) is employed to compute the inter-winding 
capacitance from the frequency response below 1 kHz since 
that is the limit of common frequency band of FDS and FRA. 
In these calculations the magnitudes above -100 dB are only 
considered, as measurement accuracy is not available for 
signals below -100 dB. Based on the above criteria 75 data 
points per measurement were used to calculate the inter-
winding capacitance. The average values are taken for all 5 
measurements and given in Table 6. From the table, all values 
showed good comparison except at the 21 days of ageing. This 
shows the practicality of this novel approach to compute the 
inter-winding capacitance using the FRA test. The increment 
of capacitance throughout the insulation degradation process is 
very small. As mentioned earlier, at frequencies above 1 Hz, 
the real component is less sensitive than the imaginary 
component. This is evident as shown in Figures 7 and 8. 
In capacitance calculation from FRA the upper frequency 
limit has been taken as 1 kHz as in the presented case the 
positive slope continues until about 1 kHz before the first 
oscillation. In other cases such oscillation could appear at a 
different frequency and therefore upper frequency limit must 
be selected accordingly. 
5 CONCLUSION 
This study has proven that FRA is capable to identify the 
relative change of insulation status if signature response or a 
previous response of the transformer is available. Comparison 
between FRA and FDS shows that due to moisture content in 
the solid insulation small variation in frequency response of 
the transformer could be observed. As FRA is a relatively fast 
measurement compared to dielectric response measurements 
 
Figure 13. Frequency responses from the capacitive inter-winding test. 
 
Table 6. Real Part of Complex Capacitance from FDS and FRA. 
 
Average value of C’ (×10-10 F) 
Before 
ageing 
7 days 
ageing 
14 days 
ageing 
21 days 
ageing 
28 days 
ageing 
FDS 2.1 2.2 2.2 2.3 2.3 
FRA 2.1 2.2 2.2 2.2 2.3 
∆% 0 0 0 4.3 0 
 
 the proposed methodologies can be used as a pre investigation 
to identify the necessity of long duration insulation diagnostic 
measurement. However, FRA cannot be used as a substitute 
measurement for FDS as its sensitivity on moisture 
concentration in insulation is relatively low. 
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ABSTRACT 
This paper discusses the application of Nyquist plot and two statistical indicators to 
analyze the frequency response of power transformers. Five cases are presented based 
on both simulations and measurements. These include two types of winding 
deformation, namely tilting and bending of conductors. Initially, damage is simulated 
for five degrees of severity and analyzed using two statistical indicators. The indicators 
are compared for their performance in terms of evaluating the severity of damage. New 
findings from this comparison are presented. Additionally, the benchmark limit for one 
of the indicators is also assessed on all cases. Finally, a methodology is proposed to 
estimate the severity of damage from two frequency responses using the Nyquist plot. 
This method is tested on three different windings. 
   Index Terms — Frequency response, modeling, transformers, transfer functions, 
windings. 
 
1  INTRODUCTION 
MONITORING the condition of power transformers has been 
an important practice by power utilities to ensure a reliable 
supply. To achieve this objective, various approaches are 
available for measuring a power transformer to assess its health. 
For assessing the mechanical state of transformer components 
such as core and winding, frequency response analysis (FRA) is 
widely accepted as the best approach. 
In FRA measurement, an AC voltage is applied at one 
terminal of a transformer and the output is measured at the 
other terminal. The typical frequency of the supply signal 
varies from 20 Hz to 2 MHz [2, 3]. A transfer function of the 
output and input voltages can be obtained from the 
measurement. In order to assess transformer mechanical 
condition, at least two responses are required to make a 
comparison. By performing a comparative analysis on the 
responses, mechanical defects on a transformer can be 
identified if these responses show some key dissimilarities. 
However, this result is still insufficient because the user 
requires more information to determine the cause of the fault. 
A variety of damage from different transformer components 
can contribute to the frequency response variation. To 
determine the possible problem source users mostly depend on 
expert analysis. This is because a comprehensive FRA 
standard that can guide the user to interpret the frequency 
response is still unavailable. 
Numerous researches have been conducted to study the 
behavior of FRA response under various winding and core 
deformations. Based on the results of several research works, 
Table 1 is compiled. It categorizes the transformer component, 
condition and corresponding dominant frequency range. It is 
important to mention that the table does not intend to provide 
a universal guideline for other cases, as FRA response is 
highly dependent on physical parameters such as transformer 
size, construction topology and material properties. Based on 
Table 1. Dominant frequency range of FRA for various conditions 
Components Conditions 
Dominant 
frequency 
range (Hz) 
Main winding 
Deformation within the main or top 
windings 
20k to 400k [1] 
Movement of the main and top winding 400k to 1M [1] 
Bulk winding movement between 
windings and clamping structure 
2k to 20k [1] 
Axial deformations of each single 
winding 
> 400k [4] 
Disc space variation > 100k [5] 
Radial deformation or movement 
> 50k [7] 
> 100k [9] 
5k to 500k [4] 
Shorted turns 
> 200k [12] 
< 2k [1] 
< 10k [4] 
Axial displacement 
> 500k [12] 
> 100k [7] 
> 100k [9] 
Core 
Core deformation < 2k [1] 
Magnetic core and circuits < 10k [4] 
Test leads 
Variations in grounding practices for test 
leads 
> 2M [1] 
Others 
Poor grounding condition at site > 500k [18] 
Ground impedance variation 400k to 1M [1] 
Residual magnetism < 2k [1] 
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 performed background study more research is required to 
apply FRA effectively to identify other types of damage such 
as tilting and bending of conductors. 
The main objective of this paper is to propose a 
methodology to interpret transformer frequency response 
using the Nyquist plot including an approach to utilize the 
Nyquist plot for estimating the severity of damage. The 
application of Nyquist plot for analyzing the transformer 
frequency response was initially proposed in [6]. This 
reference presented that the plot could assist in determining 
the location of radial deformation on the winding. Following 
that, [8] also demonstrated that the Nyquist plot could also 
locate inter-turn faults on the winding. Therefore, this paper 
presents further investigation on the application of Nyquist 
plot on other types of winding fault. Beside Nyquist plot, pole-
zero mapping has also been proposed in other literatures to 
analyze the frequency response. This was presented in [10] 
and [11] where winding axial and radial deformations were 
investigated respectively. However, this method is not suitable 
for short circuit faults [8]. 
Five case studies are presented in which the first three cases 
discuss the simulated response and the other two cases discuss 
the measured response. For the simulated studies, frequency 
response of the transformer is obtained by the multi-conductor 
transmission line (MTL) model [13] and the hybrid MTL 
model [14]. Performance of two common statistical indicators 
namely Correlation Coefficient (CC) and Absolute Sum of 
Logarithmic Error (ASLE) are also presented in this study. 
This includes a re-evaluation of the benchmark limits of these 
indicators proposed by other literature. 
 
2  MECHANICAL DEFORMATION 
A short circuit fault in the electrical network will instigate 
an extremely large current which travels into the transformer 
winding. This current produces massive electromagnetic 
forces in a short period of time which are capable of creating 
instability in the winding structure. These forces consist of 
axial and radial components [15, 16] which contribute to 
various types of mechanical damage. For example, the axial 
forces can cause winding axial displacement while the radial 
forces can cause the winding to be buckled. In this paper, the 
effect of tilting and axial bending of conductors on 
transformer frequency response is presented. 
Conductor tilting is mainly caused by the electromagnetic 
forces which axially compress the winding from the top and 
bottom [15]. If the forces exceed the mechanical strength of 
the winding, some of the conductors will be tilted at a small 
angle thus forming a zigzag pattern. A cross section of a 
damaged winding is shown in Figure 1a. Before the 
conductors are deformed, axial forces due to short circuit 
current need to be considerably large enough to overcome 
mechanical strength of the winding and the friction force at 
the corner of the conductors [16]. Although the transformer 
can remain in operation despite some of its conductors being 
deformed, it is now at risk of experiencing more severe 
damage [15]. 
Axial bending is also a permanent defect in a transformer 
winding [15, 17]. Due to the axial forces, the conductors 
between radial supporting spacers are bent downward as 
shown in Figure 1b [12, 16, 17]. Furthermore, according to 
[16] the insulation could be deteriorated as a result of the 
bending action. This could lead to more serious failures such 
as partial discharge or even a complete electrical breakdown. 
3  MODELING THE WINDING RESPONSE 
This study employs two models, namely the MTL model 
and the hybrid MTL model. The simulated frequency 
responses using these models are based on results of the end to 
end short circuit test as illustrated in Figure 2, which is one of 
the four standard configurations mentioned in [3]. 
3.1 MTL MODEL 
In the MTL model, each turn in a transformer winding is 
considered as a transmission line. Applying this concept the 
equations of voltage and current in frequency domain are 
given as: 
                                 (1)V ZId ( x ) dx ( x )
 
                                 (2)I YVd ( x ) dx ( x )  
In these equations, I and V are the current and voltage 
matrices that are functions of position along the line x with 
reference to Figure 3. The Z and Y are the impedance and 
admittance matrices representing the electrical parameters of 
the winding. The admittance matrix consists of inter-turn 
capacitance Ct, inter-disc capacitance Cd, ground capacitance 
  
(a) (b) 
Figure 1. (a) Tilting of conductors. (b) Bending of conductors. 
 
Figure 2. End to end short circuit test. 
 
 
Figure 3. Multi-conductor transmission lines representation of a winding. 
 Cg and conductance Gt, Gc and Gg. These capacitances can 
be obtained using finite element analysis (FEA) or analytical 
calculation. For analytical calculation, the inter-turn 
capacitance, Ct can be computed using equation (3) where ɛ is 
the permittivity of the insulation, l is the insulation thickness 
between two adjacent turns, ra is the smallest radius of turn a 
and rb is the largest radius of turn b. Here, turn a and b are 
adjacent turns where turn a has a larger radius than turn b. In 
the case of ground capacitance, Cg, equation (3) can be used 
with ra as the smallest radius of the innermost turn in the 
primary (HV) winding while rb as the largest radius of the 
outermost turn in the secondary (LV) winding. Here, the 
capacitance between HV and LV is considered as ground 
capacitance because the secondary winding is connected to 
ground for the short circuit test as shown in Figure 2. The 
inter-disc capacitance, Cd can be computed using equation (4). 
Here, l is the insulation thickness between two turns in two 
adjacent discs, ra and rb are the largest and smallest radius of 
both turns respectively. The conductance of the insulation can 
be obtained from the capacitance using G = 2πfCtanδ where 
tanδ is the insulation dissipation factor and f is the signal 
frequency [13]. The impedance matrix consists of resistance 
and the self and mutual inductances of the winding. The 
resistance owing to the skin effect is calculated using equation 
(5) where it can be seen that the resistance is proportional to 
the square root of frequency. Here, h, w, µ and σ are the 
height, width, permeability and conductivity of the conductor 
respectively. Self and mutual inductances are considered for 
each turn and between turns respectively. Once Z and Y 
matrices are formed as described above, equations (1) and (2) 
can be solved to calculate the current and voltage at the 
terminals and the corresponding transfer function. A more 
detailed explanation of the mathematical procedure for solving 
these equations is available in [13, 19, 20]. 
 
2
                                             (3)t
a b
l
C
ln r r


 
 2 2
                                        (4)
a b
d
r r
C
l
 

 
 
1
                                  (5)
2
s
f
R
h w
 



 
3.2 HYBRID MTL MODEL 
The hybrid MTL model was proposed in [14]. There is a 
considerably large difference in the mathematical computation 
between the hybrid MTL model and the original MTL model. 
However, only the calculation of inductance is discussed here. 
In this model self and mutual inductances are computed 
according to the equations derived by Wilcox in [21]. 
Equation (6) shows the primary equation for computing both 
inductances. N and r are the number of turns and average 
radius of a disc. K and E are the first and second kinds of the 
complete elliptic integral of k. Equation (7) defines k which 
consists of the average radius and the vertical distance 
between two conductor discs, z. In the case of self-inductance, 
z is equal to 0.2235(h+w) where h and w are the height and 
width of the disc [21]. With equations (6) and (7), the self and 
mutual inductances are considered lumped for each disc and 
between discs respectively. A more detailed explanation of the 
mathematical procedure to obtain the winding transfer 
function is available in [14]. 
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3.3 VALIDATION OF THE SIMULATED RESPONSE 
To validate the mathematical model used to estimate the 
transformer frequency response, a comparison is made 
between measured and simulated responses of a well-defined 
transformer winding model. The test object is an interleaved 
winding which contains 40 discs. Further information on this 
winding, including the geometry is available in [13]. 
Simulated and measured responses of the winding under 
normal conditions are presented in Figure 4. As mentioned in 
[22], response from an interleaved winding will exhibit a 
dominant anti-resonance due to the high series capacitance 
compared with the ground capacitance. This anti-resonance is 
visible in both simulated and measured responses. Slight 
differences between the locations and magnitudes of the 
resonances and anti-resonances are due to several assumptions 
in the MTL model such as the medium or insulation which 
surrounds the conductor was assumed to be homogeneous 
[23]. Another assumption was the electromagnetic fields 
surrounding the winding conductors are only transverse or 
perpendicular to the line axis [23]. However, the overall shape 
of the response is similar to the measured response. Since the 
MTL model has the ability to model complex winding 
arrangements especially interleaved windings, it is considered 
in this study. 
4  ANALYZING FREQUENCY RESPONSE 
It is a common approach to employ statistical indicators to 
measure the variation between two frequency responses. There 
are various statistical indicators available; however, 
correlation coefficient (CC) is widely employed in FRA. The 
equation for CC is given in equation (8). In equation (8), xi 
and yi are the i-th value from the data series of x and y. x¯ and 
 
Figure 4. Validation of the simulated response (MTL model) with the 
measured response (end to end short circuit test). 
 y¯ are the mean value of the data series of x and y. To be 
specific, xi and yi are the i-th magnitude in dB of response x 
and response y respectively. A perfect correlation between two 
responses will produce a CC of 1.00. The value will decrease 
from 1.00 as the dissimilarity between two responses 
increases. Reference [1] proposed three CC benchmark limits 
to suggest transformer condition based on the comparison 
method. These limits are given in Table 2. However, it is 
important to mention that these limits could only serve as a 
rough estimation of the transformer condition. Additionally, 
the influence of noise on the comparison is also taken into 
account in the benchmark limits by providing a considerable 
range for each limit. CC has a drawback where it is incapable 
of distinguishing two responses which have similar shape but 
different in magnitude. This was reported in [24] where it 
proposes the absolute sum of logarithmic error (ASLE), which 
could overcome the CC’s weakness. ASLE can be calculated 
according to equation (9) where xi and yi are considered in dB. 
Definitions of variables in equation (9) are similar to that of 
equation (8). In ASLE, a perfect correlation between two 
responses will produce 0. The value will increase as the 
dissimilarity between two responses increases. As there is no 
maximum limit for ASLE, it can produce values above 1.00. 
Since ASLE is a fairly new FRA indicator, its performance 
needs to be further evaluated. In addition to that, these 
indicators are evaluated based on the severity of winding 
damage, which has not been addressed by other literatures. 
Both CC and ASLE are considered in this paper because CC 
basically measures the similarity of the shape of two responses 
while ASLE measures the magnitude difference between 
responses. These attributes are important as they complement 
each other in analyzing the response. Other common 
indicators such as standard deviation (SD) and root mean 
square error (RMSE) are avoided as they underestimate the 
response variation at low magnitudes as mentioned in [24]. 
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5  ANALYSIS ON THE SIMULATED 
RESPONSE 
In this section, three studies based on the simulated 
responses are presented. The presented studies examine the 
tilting and axial bending of conductors. For each case, six 
frequency responses are simulated based on the winding at 
normal and five different degrees of damage (i.e. 10%, 20%, 
30%, 40% and 50% of winding damaged). 
A visual analysis is performed followed by statistical 
analysis to measure the response variation. Two statistical 
indicators are computed within a certain frequency region. The 
frequency region is selected based on the factor which 
dominated that region. To be more precise, the high frequency 
region is selected in this study since it is mainly influenced by 
the main winding condition [2]. The performance of both 
indicators on the studied winding deformation is compared as 
the damage increases from 10% to 50%. Additionally, the CC 
benchmark is also employed to verify its usefulness as 
proposed by [1]. Finally, each frequency response is 
transformed into Nyquist plot to analyze the percentage of 
winding damage. 
5.1 CASE 1: THE TILTING OF CONDUCTORS ON 
INTERLEAVED WINDING 
Case 1 is based on modeling the 40 disc interleaved 
winding that has been used for model validation. Here, 10% of 
winding damage denotes that 4 discs are tilted. The tilting is 
assumed to be 20° based on one of the actual cases given in 
[3]. Due to the damage, with reference to Figure 1a, inter-turn 
Ct, inter-disc Cd and ground Cg capacitances are affected. 
Based on the winding geometry, all necessary capacitances 
of the winding in normal and deformed conditions are 
obtained using the finite element analysis (FEA). An example 
of FEA for computing the inter-turn capacitance is shown in 
Figure 5. The figure shows the cross-section of two adjacent 
turns at normal and tilted conditions. These were modeled in 
2D at axisymmetric to represent the circular shape of the turn. 
All capacitances are provided in Table 3. Additionally, Table 
4 is also included to provide comparison with the capacitance 
obtained from the analytical equations as given in equations 
(3) and (4). In Table 3, one disc tilted is a condition where 
only one disc is tilted while the adjacent disc is in a normal 
position. The same concept applies for two discs tilted. With 
these values, six frequency responses of the winding are 
simulated using the MTL model [13]. The results are given in 
Figure 6. Examining the inset which shows a closer view of 
the anti-resonance, it appears that due to the deformation, the 
anti-resonance is shifted to a lower frequency with an increase 
of magnitude. 
CC and ASLE are computed to measure the variation 
between responses. By observing the response, a frequency 
range from 100 kHz to 1 MHz is selected to compare the 
response variation. This region is chosen due to its sensitivity 
to the damage of the winding. The computed statistical 
indicators are provided in Table 5. Results given in this table 
reveal that as the damage increases from 10% to 50%, ASLE 
Table 2. CC benchmark limits 
Comparison 
method 
Transformer Condition Based on CC 
Good Marginal Investigate 
Same phase ≥ 0.98 0.96 – 0.97 < 0.96 
Other phases or 
sister unit 
≥ 0.95 0.94 – 0.90 < 0.90 
 
  
(a) (b) 
Figure 5. FEA to compute the inter-turn capacitance, Ct. (a) Conductors in 
normal condition. (b) Conductors tilted. 
 gradually increases from 0.683 to 1.665 and CC decreases 
from 0.996 to 0.977. This initial result indicates that both 
indicators are reliable predictors for the severity of winding 
damage. One could also observe that rate of change of ASLE 
with winding damage is relatively higher than that of CC. This 
indicates that ASLE is more sensitive compared with CC. On 
the CC benchmark limit, it will only suggest ‘marginal’ 
condition even after 50% of the winding is damaged. 
The next step is on the Nyquist plot based analysis. All six 
transfer functions are represented in Nyquist plot as illustrated 
in Figure 7. The inset in the figure shows a closer view of all 
plots where each of them reaches the minimum real value. 
Theoretically, this section of the Nyquist plot is associated 
with the high frequency region of the frequency response. 
Since the sensitivity of high frequency response is governed 
by the winding, any changes in the winding will be observable 
in the corresponding frequency range. Additionally, the 
complexity in evaluating resonances and anti-resonances of 
the response has been reduced to a simple curve on the 
Nyquist plot. From Figure 7, an interesting trend can be 
observed on the curve where it is shifting towards the right 
side of the plot as the deformation severity increases. With this 
trend, the minimum real value, Remin of every curve is taken as 
a reference point to measure this movement. Essentially, this 
parameter is dependent on the R, L and C components of the 
high frequency equivalent circuit of the transformer winding. 
Therefore, it will effectively represent any changes on the 
winding. Consequently, the absolute difference, |ΔRemin| 
between minimum real value of normal and damaged winding 
plots are computed. This is the proposed indicator for 
measuring the severity of winding damage. The absolute 
difference versus the percentage of winding damage (WD) is 
plotted as shown in Figure 8. The relationship between two 
parameters shows a sigmoid pattern as given in equation (10). 
The set relationship can be used to estimate the severity of 
winding damage from two frequency responses. 
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5.2 CASE 2: THE TILTING OF CONDUCTORS ON 
CONTINUOUS WINDING 
In case 2, a deformation similar to case 1 is studied but on a 
continuous winding consisting of 60 discs referred from [25]. 
Capacitances of the winding during normal and deformed 
conditions are computed using FEA and given in Table 3. 
With these capacitances, six frequency responses are 
simulated using the MTL model. The results are illustrated in 
Figure 9. In the figure, typical response shape of a continuous 
disc winding can be observed where it exhibits multiple 
 
Figure 6. Simulated responses of the interleaved winding for normal and 
deformed (conductors tilted) conditions. 
 
Figure 7. Nyquist plot of the transfer function for simulation case 1. 
 
Figure 8. The absolute difference versus the percentage of deformed 
winding. 
Table 3. Winding capacitance for three simulated cases 
 
Conductor Tilting Axial Bending 
Condition Case 1 (F) Case 2 (F) Condition Case 3 (F) 
Ct 
Normal 2.67×10-10 3.59×10-10 
Normal 7.67×10-11 
Tilted 2.41×10-10 3.19×10-10 
Cd 
Normal 9.85×10-12 2.01×10-11 Normal 1.74×10-11 
1 Disc Tilted 8.03×10-12 1.78×10-11 Bent (+50%) 1.19×10-11 
2 Discs Tilted 7.72×10-12 1.58×10-11 Bent (-50%) 3.21×10-11 
Cg 
Normal 2.30×10-11 7.54×10-11 
Normal 1.08×10-11 
Tilted 1.76×10-11 5.31×10-11 
 
Table 4. Comparison of capacitances between the FEA and analytical 
computation for case 1 
Computation 
Ct (×10
-10 F) Cd (×10
-12 F) Cg (×10
-11 F) 
Normal Tilted Normal 
1 Disc 
Tilted 
2 Discs 
Tilted 
Normal Tilted 
FEA 2.67 2.41 9.85 8.03 7.72 2.30 1.76 
Analytical 2.65 2.37 9.55 7.61 7.49 2.50 1.89 
 
Table 5. Statistical indicators according to percentage of winding damage on 
selected frequency Region (100 kHz to 1 MHz) 
Percentage of winding 
damage, WD 
Case 1 Case 2 Case 3 
CC ASLE CC ASLE CC ASLE 
10 % 0.996 0.683 0.973 1.742 0.951 1.128 
20 % 0.985 1.159 0.949 1.700 0.934 1.274 
30 % 0.985 1.237 0.920 1.718 0.950 1.134 
40 % 0.984 1.382 0.886 1.801 0.934 1.274 
50 % 0.977 1.665 0.879 1.800 0.948 1.187 
 
 resonances, the magnitude of which is decreasing with 
frequency. This is mainly due to low series capacitance 
compared with ground capacitance. The inset shows a closer 
view of the first resonance of all responses. The variation 
between the normal and deformed winding responses is more 
apparent for higher frequencies as can be seen on the 9
th
 
resonance. 
CC and ASLE are computed and the results are given in 
Table 5. The table shows CC consistently decreases from 
0.973 to 0.879 as the damage increases from 10% to 50%. On 
the contrary, ASLE has no particular tendency where it 
decreases from 1.742 to 1.700 and then increases to 1.801 
before reaching 1.800. Even though ASLE is more sensitive 
towards the response variation, in terms of consistency, CC is 
much better. Based on the CC benchmark limit, it suggests 
that the transformer is in a ‘marginal’ condition when the 
damage is at 10%. At this percentage, the CC is 0.973 while 
ASLE is 1.742. This is different to the previous case where the 
‘marginal’ condition is indicated at 50% damage. 
Nyquist plot of the transfer function of each response is 
shown in Figure 10. The inset shows a closer view of each 
curve where it reaches the minimum real value. The minimum 
real value of each plot is taken to compute the absolute 
difference, |ΔRemin|. A plot representing the relationship 
between the absolute difference and the percentage of damage 
is shown in Figure 11. It is a sigmoid curve, which is 
interestingly similar to case 1. The correlation between two 
parameters is estimated through least square fitting and given 
in equation (11). Again, the set relationship can be used to 
estimate the severity of winding damage from two frequency 
responses. 
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Figure 9. Simulated responses of the continuous winding for normal and 
deformed (conductors tilted) conditions. 
 
Figure 10. Nyquist plot of the transfer function for simulation case 2. 
 
Figure 11. The absolute difference versus the percentage of deformed 
winding. 
 
Figure 12. Simulated responses of the continuous winding for normal and 
deformed (axial bending) conditions. 
 
Figure 13. Nyquist plot of the transfer function for simulation case 3. 
 
Figure 14. The absolute difference versus the percentage of deformed 
winding. 
 5.3 CASE 3: THE AXIAL BENDING ON CONTINUOUS 
WINDING 
In case 3, frequency response deviation due to axial bending 
of several discs is studied. Such deformation affects both 
winding capacitance and inductance. For example, with 
reference to Figure 1b, discs between 2 and 5 are bent 
downward whereas disc 1 and 6 are still in good condition. 
The inter-disc capacitance between disc 1 and 2 is decreased 
due to increased insulation gap. The inter-disc capacitance 
between disc 5 and 6 is increased due to decreased insulation 
gap. The capacitance between two bent discs is assumed to be 
unchanged since the insulation gaps remain at the same 
distance. Since this damage only affects the inter-disc 
insulation the inter-turn and ground capacitances remain the 
same. In the case of inductance, mutual inductances between 
disc 1 and each of the bent discs are changed due to the 
increased distance between the discs. In simulation, this is 
achieved by modifying parameter z in equation (7). It is vice 
versa for mutual inductances between disc 6 and each of the 
bent discs. The mutual inductance between disc 1 and 6 
remains the same. 
The winding from [26] is used to simulate the frequency 
response for this type of damage. This winding has a 
continuous arrangement and consists of 60 discs. In the 
simulation, it is assumed that the gap between a normal disc 
and a bent disc is axially displaced by 50% (increased or 
decreased) of the original gap. With this assumption, all 
capacitances and inductances are obtained using analytical 
computation. Inter-turn, inter-disc and ground capacitances are 
computed based on equations (3) and (4) as given in section 
3.1. Self and mutual inductances are computed based on 
equations (6) and (7) as given in section 3.2. Table 3 presents 
the computed capacitances. Mutual inductances are not 
presented here due to the large volume of data i.e. for 60 discs, 
1770 different mutual inductances. Six frequency responses 
due to various amounts of winding deformation are simulated 
using the hybrid MTL model. The corresponding results are 
shown in Figure 12. There is hardly any difference between all 
responses at the first resonance. The variation can only be seen 
for higher frequency response, for example at the 10
th
 
resonance. The frequency response is less sensitive towards 
this type of damage compared to the previous two cases. CC 
and ASLE are computed and the results are given in Table 5. 
The table shows that both indicators are inconsistent with 
respect to the severity of winding damage. They fluctuate as 
the damage increases from 10% to 50%. Similar to the 
previous cases, ASLE is higher than 1 and highly sensitive to 
the considered damage. However, CC for this case is also 
highly sensitive because for 10% damage, it suggests to 
investigate the winding as indicated by the benchmark. 
For the following step, all responses are represented in 
Nyquist plot as given in Figure 13. The absolute difference is 
plotted against the percentage of winding deformation and 
presented in Figure 14. The correlation between two 
parameters is estimated and given in equation (12). As can be 
seen, the relationship exhibits a parabolic curve. This is 
different from the previous two cases where a sigmoid curve 
was observed. 
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6  CASE STUDIES ON POWER 
TRANSFORMERS 
In this section, two case studies (case 4 and case 5) are 
presented based on the measured frequency response of two 
power transformers. However, since both transformers do not 
have earlier measurements to compare with, comparison is 
conducted between phases as suggested in [2]. 
6.1 CASE 4: TRANSFORMER A 
FRA measurement was performed on a 12.5 MVA 33/11 
kV power transformer during a routine inspection. Figure 15 
shows three short circuit test responses measured at the HV 
windings. To analyze the response, high frequency region as 
defined in Table 6 is investigated. The region (80 kHz to 1 
MHz) is governed by the winding construction which is 
mainly dependent on the winding capacitance. Based on the 
CC benchmark, two comparisons, AB vs. BC and BC vs. CA 
are on the border between ‘marginal’ and ‘inspection’ 
conditions. ASLE for these two comparisons also showed an 
almost similar match at about 1.7. 
 
Figure 15. Measured responses of the power transformer in case 4. 
 
Table 6. CC and ASLE according to selected frequency region 
Comparison between phases 
80 kHz to 1 MHz 
CC ASLE 
AB vs. BC 0.9063 1.7349 
BC vs. CA 0.8983 1.7733 
CA vs. AB 0.9631 1.3446 
 
 
Figure 16. Nyquist plot of the transfer function for case 4. 
 
Table 7. The expected percentage of winding damage for case 4 
Comparison 
Absolute difference of 
minimum real value, |ΔRemin| 
Expected percentage of 
damage (%) 
AB vs. BC 0.0006 1 
AB vs. CA 0.0020 7 
 
 In this analysis, since there is no baseline response 
available, we assume that one of the three windings has the 
best condition compared with the others. For this, the two 
highest CCs from the comparison are chosen which are AB vs. 
BC and CA vs. AB. On both of these comparisons, response 
AB is indicating that its winding has the best condition among 
the other two windings. Therefore response AB is referred to 
as the baseline. 
All responses are represented in Nyquist plot as shown in 
Figure 16. Here, only the response from high frequency region 
is considered since this region is predominantly influenced by 
the main winding condition. With the AB plot as the baseline 
plot, its minimum real value, Remin is observed. The minimum 
real values of other plots are moving toward the right side of 
the plot. This movement is similar to the winding deformation 
caused by conductor tilting as shown in Figures 6 and 9. The 
absolute difference |ΔRemin| is determined and the percentage 
of damage can be computed from equation (11). These are 
given in Table 7. Here, it is expected that windings BC and 
CA are about 1% and 7% damaged as compared with winding 
AB respectively. However, it is important to mention that this 
analysis assumes that winding AB which is referred to as the 
baseline is in good condition. 
6.2 CASE 5: TRANSFORMER B 
Case 5 presents FRA responses measured during a routine 
inspection of a power transformer. Open circuit test responses 
of the HV windings are presented in Figure 17. Low decibel 
noises appearing between 1 kHz and 20 kHz are due to 
substation noise. However, it does not affect responses at other 
frequency regions as can be observed in the figure. The high 
frequency region is defined in Table 8. In this region (100 kHz 
to 700 kHz), both indicators agreed that the first and third 
comparisons have shown a weak match. According to the 
benchmark limit, both phases should be investigated. As no 
baseline response is available, response from phase H3H2 is 
assumed to have the best condition compared with others. 
All frequency responses are represented in Nyquist form as 
shown in Figure 18. Since only high frequency response is 
considered in the analysis, any influential factors dominated in 
lower frequencies in an open circuit test will not affect the 
analysis. Taking H3H2 as the baseline plot, its minimum real 
value is observed. Minimum real values of other phases are 
moving to the left side of the plot. This is similar to the movement 
caused by axial bending damage as shown in Figure 13. The 
absolute difference, |ΔRemin| is determined and the percentage 
of damage can be computed from equation (12). These are 
given in Table 9. It is expected that windings on phase H1H3 
and H2H1 are 1% and 2% damaged as compared with winding 
H3H2. 
7  CONCLUSION 
The study presented in this paper reveals that the Nyquist 
plot can be used to analyze the frequency response of a 
transformer winding. The proposed methodology is simple 
and easy to implement. Further, with correct implementation 
of the proposed methodology, it is capable of estimating the 
severity of winding damage. Assessment of this method on the 
measured responses of two transformer cases indicates its 
applicability for practical use. 
Based on the analysis presented in the paper, in most of the 
cases statistical indicator CC performs better than ASLE for 
analyzing the severity of winding damage. This study 
indicates that ASLE is highly affected by the response 
magnitude. Any response variation will appear to be less 
significant if magnitude is located closer to 0 dB. Although in 
many cases ASLE is highly sensitive on the response 
variation, it should not be used individually thus must be 
accompanied with CC to provide a better and reliable analysis. 
The study suggests that the CC benchmark limit is useful in 
many occasions to correctly estimate the transformer 
condition. Application of the benchmark limit on two actual 
cases showed the reliability of the limit on practical cases. 
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